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ABSTRACT 
 Supported metal oxides are used as catalysts for a wide variety of industrially and 
environmentally important reactions such as the selective oxidation of hydrocarbons and 
alcohols and the selective catalytic reduction of nitrogen oxides. The support often plays an 
important role in the activity and selectivity of such catalysts, beyond just the provision of 
mechanical support and large surface area. V2O5 supported on TiO2 is an example of a catalyst 
that is widely used, where the synergy between the support and the overlayer is taken advantage 
of. The support effect has often been ascribed to the electronegativity of the support cation which 
affects the electron density on the metal–oxygen bond in the overlayer. However, this effect may 
not hold for thicker overlayers and for doped supports. 
 In the current work, a model is proposed in which the supported catalyst is considered as 
a heterostructure. Most metal oxides are (wide band-gap) semiconductors and hence a 
semiconductor heterojunction is formed when one oxide is deposited on another. This conception 
of supported oxide catalysts allows for the use of heterojunction physics to predict the electron 
richness at the surface of the catalyst. Moreover, effect of overlayer thickness and support doping 
can be easily determined using such a model. Thus quantitative estimates of surface electron 
richness were obtained for the system of V2O5/TiO2. It is shown that modification of overlayer 
thickness and the carrier concentration in the support can lead to modification of the surface 
electron richness (represented by the surface Fermi level) of the catalyst. A semi-empirical 
model was also developed to relate the Fermi level of oxide catalysts to their activity. Using 
these models, the quantitative variation of catalytic activity with the heterostructure parameters 
(overlayer thickness, support carrier concentration) was determined, for the test reaction of 
partial oxidation of methanol to formaldehyde.  
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 Results from experiments using thin films of polycrystalline oxides (V2O5 supported on 
TiO2) and methanol oxidation as the test reaction, matched qualitatively with the model 
predictions. The quantitative enhancement (> 10x) in rate obtained by reducing the overlayer 
thickness was better than the model predictions. Surface potential measurements combined with 
kinetic data proved the validity of the model relating Fermi level and catalytic activity, and 
showed directions for further development of the heterojunction model to predict the surface 
electron richness.  
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Chapter 1: Introduction 
1.1 Metal oxides in catalysis 
Metal oxides are used as catalysts for a wide variety of reactions such as the selective 
oxidation of hydrocarbons and alcohols [1-3], the selective catalytic reduction of NOx  [4], 
synthesis of methanol and other alcohols [5], oxidation of SO2 to SO3 [6], ammoxidation of 
aromatic hydrocarbons [7] and isomerization of alkenes [8]. To enhance the productivity of these 
catalysts, thin films of the active catalyst on high-surface area supports are used. The support 
provides a large area framework for dispersion of the active catalyst material, thereby enhancing 
the effective surface area of the catalyst. Supports also help to prevent sintering during high 
temperature operation, thereby maintaining the large surface area of the active catalyst. Metal 
oxides such as SiO2, TiO2, Al2O3 and ZrO2 are typically used as supports [8]. Metal oxides are 
also used as supports for metals in supported catalysts. Some examples of the applications of 
metals supported on oxides are Pt/Co2O3 for fuel cell cathodes, Pt/CeO2 for preferential 
oxidation [9] and Cu/ZnO [10] for water gas shift reaction. Apart from thermal catalysis, the 
transition metal oxides that exhibit semiconducting behavior also find applications in 
photocatalysis. A classic example is the use of TiO2 for water splitting / hydrogen production 
[11].  
 
1.2 Support effect 
As supports, the oxides were initially considered to provide only mechanical support and 
large surface area for the dispersion of the active catalyst material. However, it has been shown 
through numerous studies over the years that the support plays an active role in the catalysis and 
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can affect both the activity and selectivity of the supported catalyst. This effect came to be 
known as the strong metal support interaction (SMSI) for metals supported on oxides [12, 13], 
and as surface oxide support interaction (SOSI) for one oxide on another (oxide heterostructures) 
[14].  
 
1.2.1 Support effect on metal catalysts 
In the case of SMSI, the first report was on the suppression of the chemisorption of CO 
and H2 on Pt when Pt was supported on carriers such as alumina as compared to unsupported Pt 
[12]. Other examples of SMSI include the improved activity of Pt in preferential oxidation when 
supported on titania or zirconia and variations in activities of Pt supported on TiO2 in 
combustion applications due to support doping [15]. The main reason for the SMSI effect was 
identified to be the migration of oxide moieties onto the metal surface. Another reason for the 
support enhancing the activity of the metal was found to be the lowering of the propensity of the 
metal to form an oxide. Recent work has also shown the transfer of electrons [16] or oxygen [17] 
between the metal and the support as the causes of SMSI.  
 
1.2.2 Support effect on oxide catalysts 
The effect of support oxide on the catalysis by oxides has also been studied extensively, 
especially in the case of supported V2O5. The activity and selectivity of the oxide catalysts have 
been shown to change with the oxide support for various test reactions such as methanol 
oxidation, IPA oxidation / dehydration and the oxidative dehydrogenation of propane. Deo and 
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Wachs [18] showed that the turn-over frequency (TOF) of methanol oxidation on a V2O5 
monolayer could be varied by over three orders of magnitude by changing the support from SiO2 
to TiO2 or ZrO2. The electronegativity of the support cation is believed to influence the activity 
of the supported vanadia monolayer. The more electronegative the support cation, the less is the 
electron density on the oxygen in the V-O-support bond as the support draws the electron 
density. This leads to lower ability to abstract H ions (i.e. lower basicity) and hence lower 
reaction rates. Si is more electronegative than Ti and Zr and hence SiO2 leads to the lowest 
activity when used as the support and TiO2 and ZrO2 lead to higher activities in methanol 
oxidation. This theory has been supported by experiments [19] and computations [20]. The 
computational work [20] also showed that the activity of the supported vanadia is directly 
proportional to the ionicity of the V-O bond, which changed with the support used.  
 
While there have been several such studies reporting the dependence of activity of 
supported oxides on the nature of the support, studies of catalytic behavior of oxides supported 
on a particular chemical substrate but with different (electrical) properties – by doping – have 
been relatively few [21, 22]. Very few studies have measured the electrical / electronic properties 
of the support and tried to correlate them with the activity or selectivity of the catalyst. One such 
study is that of Grzybowska et al. [1] who conducted propane ODH reactions on V2O5 supported 
on TiO2 doped with different dopants (Ca
2+
, Al
3+
, Fe
3+
, W
6+
). They measured the surface 
potentials of these catalysts and found that the reaction rate was higher for some catalysts with 
higher work functions. The selectivity to propene (the partial oxidation product) was found to 
increase with the decrease in the work function. A qualitative explanation was given for this 
behavior: the higher Fermi level and hence the lower work function, aids in electron transfer 
4 
 
from the surface to gas phase or adsorbed oxygen and favors the formation of O
2-
 species as 
compared to the O2
-
 and O
-
 species. The nucleophillic O
2-
 leads to partial oxidation whereas the 
other two types of oxide ions, which are electrophillic, lead to total oxidation and hence 
selectivity to the partial oxidation product, propene, increases with a decrease in the work 
function.  
 
1.3 Electronic model of the support effect in supported oxide catalysts 
 Since most oxides are semiconductors and catalytic activity is affected by the surface 
electron density on supported catalysts, an electronic model of catalysis, such as the theory 
presented by Volkenshtein [23], can be used to predict the activity. However, there are currently 
no models that relate the support and active layer’s properties to the surface electron density (as 
quantified by the Fermi level or related measures such as surface potential) of the catalyst 
overlayer. Considering that both the catalyst and the support are semiconductors, we believe that 
the observed support effect could be due to the formation of a semiconductor heterojunction and 
the subsequent transfer of electrons. This model of the supported oxide catalyst is described in 
detail in Chapter 2. Using the heterojunction concept, the surface Fermi level can be predicted. A 
simple model for the heterojunction is used (defect states at the interface and surface are not 
considered) and methods to modify the surface Fermi level and thus the catalytic activity are also 
described. Calculations are presented for the system of V2O5 supported on TiO2. 
 The developed model deals with long range electronic effects on the overlayer due to the 
support. This is particularly relevant for overlayers that may be a few nanometers thick as 
compared to overlayers that are just a monolayer thick. In these thick overlayers also, the metal-
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oxygen bond ionicity would be affected by the electronegativity of the support cation. However, 
this effect may be felt only in the first or first few atomic layers of the catalyst. Our interest is in 
exploiting the long range effects of electron transfer that occurs during the formation of the 
support-overlayer junction. Different supports would be able to transfer different amounts of 
electrons (carriers) to the overlayer. For example, in the case of V2O5 overlayers on different 
supports (TiO2, ZrO2, SiO2, Al2O3), the inert and insulating supports such as silica, alumina and 
zirconia may not interact much electronically with a thick V2O5 overlayer; however, TiO2, being 
a semiconductor, can form a heterojunction with V2O5 and transfer electrons into the layers of 
V2O5. This effect will be possible only for V2O5 films that are thick enough to possess properties 
close to those of bulk V2O5. Thus in the case of monolayer supported catalysts, the 
electronegativity of the support cation may be adequate to explain the effect of the support on the 
activity of the catalyst. However, in the case of thicker overlayers, semiconducting supports can 
form heterojunctions, transfer electrons and thus contribute to the enhancement in reactivity of 
the overlayer, and thus this effect must be considered. 
 When such transfer of electrons occurs, the amount of electrons transferred can be 
governed by the thickness of the support layer, if it is thin. Thick layers (thicker than the 
depletion region that can form due to electron transfer from them) of support are likely to 
transfer similar quantities of electrons to overlayers of a particular material under the same 
conditions, irrespective of the thickness of the overlayer. However, for thin support layers, the 
amount of electrons transferred will be restricted by the amount they possess. Thus they can 
transfer electrons till they are fully depleted and thus the number of electrons transferred and the 
band bending at the interface will change with the support thickness. The ability of such films or 
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particles to transfer maximum charge possible and become fully depleted is widely used in 
metal-oxide gas sensors [24]. 
 A part of the electrons transferred from the support can be absorbed within the overlayer 
(accumulation region) but the rest will be transferred to the surface, especially under reaction 
conditions when reactions draw electrons from the surface.  Thinner overlayers may be able to 
absorb only fewer electrons and thus more electrons will be transferred to the surface. Thus thin 
overlayers would allow for better observation of the support effect. The electrons reaching the 
surface can alter the ionicity of the surface metal-oxygen bond or they may just make the surface 
more basic and thereby influence the reaction rate. Electrons being trapped in surface states may 
reduce the support effect and thus use of defect-engineered metal oxide overlayers can also help 
to improve the catalytic activity. In chapter 2, the effects of overlayer thickness and carrier 
concentration in the support (which affects the number of electrons that can be donated by it) on 
the surface electronic richness (represented by the Fermi level) are predicted. 
 In chapter 3, a semi-empirical model to relate the surface Fermi level of oxide catalysts to 
their activity, is described, thereby enabling the estimation of a quantitative relationship between 
the heterojunction catalyst parameters and catalytic activity. 
 Chapters 4-6 deal with the experimental part of the work. In our studies, we use model 
thin film catalysts on silicon (Si(100)) substrates. Thin films allow for better characterization of 
their structural and electrical properties. Moreover, these can be synthesized and studied under 
more controlled conditions, i.e., they are amenable to vacuum processing for higher surface 
purity. In chapter 4, the development of a low pressure chemical vapor deposition method to 
deposit thin layers of V2O5 is described. Chapter 5 gives the details of the experimental set-up 
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used for testing the activity of the supported catalysts. Information on the test reaction of 
methanol oxidation is also provided. In chapter 6, the method developed for estimating the 
activity of these catalysts and the results of catalytic tests are presented. 
 In chapter 7, the experimental results are compared with predictions of our models, 
conclusions are drawn from the entire work and future work is suggested. 
 
 The work presented in this thesis is part of a larger effort in the Seebauer group aiming at 
“band-engineering” of metal oxides for improving performance of catalysts and related 
“devices” such as sensors. Past work in the Seebauer group has resulted in successful 
development of methods for defect engineering of semiconductors such as silicon and titanium 
dioxide [25, 26]. The surfaces of such materials were modified to control the defects in the bulk 
of the solid and this is possible due to the presence of charged defects in these materials [27]. In 
the current “band-engineering” approach, the bulk defects are used to control the surface 
properties. Methods for controlling and measuring the bulk defect density in TiO2 were 
developed by former member of the Seebauer group [28]. Other work in the “band-engineering” 
area is being carried on by two graduate students other than myself, who are working on using 
defect engineering of TiO2 for modifying the photocatalytic activity of TiO2 and for modifying 
the performance of Pt/TiO2 thermal catalysts. 
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Chapter 2: Modification of surface fermi level of supported oxides using principles 
of semiconductor heterojunctions 
2.1 Abstract 
A novel method for tuning the surface Fermi level of supported oxide catalysts is 
presented. Since it is well known that surface Fermi level affects catalytic activity, the method to 
manipulate the surface Fermi level of a catalyst was developed, in order to alter the performance 
of the catalyst. The physical thickness of the catalyst layer and the electronic properties of the 
support are modified to control the surface Fermi level. This approach allows the remote control 
of the catalytic properties without direct chemical modification of the catalyst overlayer. This 
approach is possible when both the support and the overlayer are semiconductors and the 
overlayer is thin, which is true of several widely-used oxide catalysts. Another advantage of this 
method is that doping procedures for modification of electronic properties need to be developed 
only for one or few oxide materials that would act as supports. The change in surface Fermi level 
is estimated by considering the supported catalyst as a heterojunction device and applying 
principles from heterojunction physics. Calculations carried out for the system of V2O5 
supported on n-type TiO2 showed accumulation of electrons on the V2O5 side and that the Fermi 
level position in the V2O5 can be translated over 0.3 eV closer to the conduction band, as 
compared to bulk V2O5. Analogously, the electron density at the surface of V2O5 can be reduced 
by supporting it on p-type TiO2. Results of calculations for this case are also presented. These 
calculations enable us to choose the carrier concentration in TiO2 and the thickness of V2O5 
required for obtaining a certain electron density on the V2O5 surface. The model proposed here 
serves as an explanation for the support effect observed widely in the heterogeneous catalysis 
literature. 
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2.2 Introduction 
The overall activity of catalysts can be tuned by various methods such as modifying the 
surface area via particle size [1] or supporting on inert high-surface-area supports, modifying 
physical / structural properties (crystal face exposed, porosity) [2], modifying the chemical 
properties (such as by adding alkali metal oxides) [3], modifying the electronic properties (by 
doping) [4], using mixed catalysts (adding other functional materials) – like the V2O5-WO3 
mixed catalyst [5] and supporting on interacting supports [6]. It has been known that the 
electronic properties of a catalyst have a significant effect on its activity. This is true for both 
metallic catalysts (d-band theory) [7] as well as semiconducting catalysts (electronic theory of 
catalysis on semiconductors) [8]. In the case of semiconductors, the modification of the surface 
Fermi level is often accomplished by doping – either the whole film or just the surface. However, 
the doping science has to be better developed for each oxide. Important choices include selecting 
the best dopant and precursor, development of the doping method, evaluation of carrier 
concentration for a given dopant concentration, obtaining uniformity of the dopant in the oxide, 
elimination of dopant segregation at the surface for bulk doping, evaluation of change in 
crystallinity and microstructure due to the dopant and ensuring repeatability and reproducibility 
of the method. Our approach to modifying the surface Fermi level as described below utilizes 
semiconductor heterojunction principles to control the surface Fermi level of a semiconductor by 
modification of the substrate. This method thus can take advantage of the developments in the 
doping science of one oxide, to achieve such effects in different overlying oxide.  
 
Additionally, it has been observed that for certain catalysts, the non-physical properties of 
the support also influence the catalytic performance. Typically inert supports with large specific 
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surface area are used to disperse catalysts for enhancing their surface area. However, supports 
were also found to influence the specific catalytic activity [6, 9]. Further details on the literature 
in this area are given in Chapter 3. Electronic interactions between the support and the overlayer 
(such as effect of electronegativity of the support cation) have been considered by researchers 
trying to explain the effect [10]. However, for oxides supported on oxides, we believe that in 
some cases the effect could be due to the formation of a semiconductor heterojunction, 
particularly because most oxides are (wide band-gap) semiconductors. In the case of metals 
supported on oxides, the effect is possibly due to the formation of a metal-semiconductor 
heterojunction and this is being investigated by another graduate student of the Seebauer group. 
Thus we believe that the support effect can be partly explained by heterojunction physics, and 
this can enable us to modify the support or the overlayer appropriately or even to choose the best 
support, to obtain the required catalytic performance. 
 
A supported catalyst, consisting of semiconducting support and an active catalyst layer, 
can be conceptualized as a heterojunction device. By modifying the electronic richness of the 
support, we can change the Fermi level on the surface of the active catalyst overlayer and hence 
manipulate the activity of that surface. This is because the Fermi level in the support typically 
couples to that of the catalyst at the junction between the two. Basic heterojunction principles as 
well as specific calculations for the case of thin films of V2O5 supported on TiO2, are discussed 
below.  
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2.3 Introduction to Heterojunctions 
Heterojunctions comprise the direct physical contact of two dissimilar semiconductors, 
and specially designed structures containing such junctions are known as heterostructures. At the 
junction of two semiconductors with different degrees of electron richness, flow of electrons 
from the electron-rich material (higher Fermi level and lower work function) to the electron-
poorer material (lower Fermi level and higher work function) typically takes place as long as no 
interface states intervene. This electron flow creates regions of excess space charge (space 
charge regions) on both sides of the junction.  A depletion region will form in the electron-rich 
material, and a corresponding accumulation region will form in the electron-poor material.  The 
electron flow persists until the chemical potential of the charge carriers is uniform throughout 
both materials.  This equilibration of chemical potential determines both the amount of charge 
that flows and the spatial extents of the depletion and accumulation regions. These effects are 
widely exploited in various applications such as mobile phones [11] and optoelectronics such as 
laser pointers and scanners [12].  
 
Two major categories of heterojunctions exist: isotype and anisotype. Istotype refers to 
junctions where both the materials have the same majority carrier (electrons in n-n junctions, or 
holes in p-p junctions). Anisotype refers to those junctions in which the two materials have 
different majority carriers (p-n junctions). Heterojunctions are also classified into three 
categories depending on the extent to which the band energy levels of the two materials overlap: 
 
Type 1: Complete overlap of the band gaps (one contained entirely within the 
other)  
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Type 2: Partial overlap of the band gaps 
Type 3: No overlap between the band gaps  
 
The type of band-bending at the heterojunction depends on the type of the heterojunction, 
apart from the properties of the specific materials. The procedure for calculation of the interfacial 
band-bending values as well as the energy profiles from the junction to bulk are described for 
both isotype and anisotype heterojunctions in section 2.5. 
 
2.4 Principles governing the use of heterojunctions for surface Fermi level engineering 
As described in section 2.3, when two semiconductors (different materials) are placed in 
contact, a heterostructure is formed (Fig. 2.1). Equilibration of Fermi levels occurs – transfer of 
carriers takes place leading to the formation of space charge regions in both the semiconductors. 
In these regions, the bands in the semiconductors are bent compared to the bulk level. The Fermi 
level is, however, uniform throughout the heterostructure. The electron density is inversely 
related to the energy difference between the conduction band and the Fermi level according to 
standard Fermi-Dirac statistics (assuming Ec-Ef >> kT): 
                                                                             (2.1) 
where Nd is the carrier concentration (electron density) in the material, Nc is the effective density 
of states in the conduction band, Ec refers to the energy level of the minimum of the conduction 
band and Ef refers to the Fermi energy level, k is the Boltzmann constant and T is the 
temperature. 
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In the specific case of V2O5 on TiO2, as shown in Fig. 2.1, the electron density decreases 
from the interface to the bulk. The (Ec – Ef) value depends on the distance from the interface, and 
hence the value of Ef at the surface depends on the thickness of the overlayer. Thus for a given 
set of carrier concentrations in both semiconductors, the Fermi level position at the surface can 
be varied by controlling the thickness of the overlayer. 
  
By controlling the carrier concentration in one of the semiconductors, the position of its 
Fermi level within its band gap is changed, resulting in a subsequent change in the amount of 
charge transfer and band bending in both the semiconductors. For example, if the TiO2 is doped 
more n-type, there will be greater band-bending on the V2O5 side and more electrons will be 
present at the V2O5 surface. If the V2O5 layer is made thin enough so that the entire layer is 
contained within the space charge region, then this change of band-bending in the TiO2 will 
reflect in the carrier concentration at the V2O5 surface, as shown in Fig. 2.2. Such a change in the 
surface Fermi level / carrier density will translate into modified adsorptive and catalytic 
properties, since these properties are fundamentally based on electron transfer between the 
surface and the adsorbed molecule [8]. Thus, by varying the thickness of the overlayer (within 
the space charge region width) or by varying the carrier concentration in the bulk of the 
underlayer, the surface Fermi level can be controlled. The quantitative details for our system 
(V2O5/TiO2) are presented in section 2.5. 
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2.5 Model for the V2O5 / TiO2 heterojunction 
2.5.1. Using n-type TiO2 (Isotype HJ) 
Both V2O5 and TiO2 are naturally n-type semiconductors, with the oxygen vacancies 
being the source of the free electrons. The V2O5 / TiO2 system is hence an n-n isotype 
heterojunction. The heterojunction is also Type 2 as indicated above, with partial overlap of the 
band gaps. TiO2 has a lower work function than V2O5, so electrons will be transferred from TiO2 
to V2O5 creating positive immobile ions in the space charge (depletion) region of TiO2. Since 
electrons are the majority carriers in V2O5 also, an accumulation region forms. In such a 
junction, the bands of TiO2 bend up and those of V2O5 bend down as shown in the diagrams in 
Fig. 2.1. 
 
Anderson’s model for idealized heterojunctions without interface states [13] can be used 
to calculate the band bending values for both semiconductors. The following equations are from 
section 2.7 of Sze and Ng [14] dealing with heterojunctions. 
 
The electric field at the interface (x0) for the accumulation region (region 1) is given by:  
 
1 11
1 0 1 1
1
( )2
( ) exp 1 ( )bD b
q VqN kT
x V
q kT



  
      
  
                      (2.2) 
 
For the depletion region (region 2), the electric field is given by: 
 
2 2 2
2 0
2
2 ( )
( ) D b
qN V
x



                     (2.3) 
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Here, q represents the electronic charge (1.6*10
-19
 C); ND refers to the donor concentration in the 
semiconductors; k is the Boltzmann constant; T is temperature in kelvin, ε is the dielectric 
constant. 
 
With the common assumption that the electric displacement (D = εE) is continuous, we can 
equate the values on either side of the interface: 
1 1 2 2                                    (2.4) 
 
Using the above equations, we can obtain the relative values of Ψb1 and Ψb2, which are the 
amounts by which the energy bands bend at the interface. In the above equations, V1 and V2 are 
fractions of the applied voltage (V) that appear in either region. In our case, since we do not 
apply any voltage, V = V1 = V2 = 0 
 
The total band bending amount is equal to the difference in the work functions (Ф): 
1 2 1 2| |b b                         (2.5) 
Using the above equations, the individual band bending values in each semiconductor can 
be calculated. As can be seen from the above equations, the band bending values depend only on 
the bulk carrier concentrations of the two materials, the dielectric constants and the work 
functions. Doping affects the carrier concentrations as well as the Fermi level / work function 
and hence the band bending changes with doping. From the interfacial band bending values, the 
band energy profiles for the accumulation were plotted based on a standard profile available in 
the literature, shown in Fig. 2.3 [15]. 
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Table 2.1 shows the parameters used to compute the band energy levels on both sides of 
the V2O5 / TiO2 heterojunction. The parameters have been obtained from the literature. In the 
case of oxide materials, the properties (particularly the carrier concentration and work function) 
often depend on the synthesis technique used and the synthesis conditions. This can be seen from 
the large variation in values reported for these parameters [16]. Thus the best option is to 
experimentally estimate these values for the specific materials synthesized and used. 
Nevertheless, the literature values were used to obtain approximate estimates of the system 
properties and assess the viability of the project with the system chosen.  Fig. 2.4 shows the band 
bending in the V2O5 layer as a function of distance for various carrier concentration values in n-
TiO2. The bulk conduction band energy level is -6 eV and the Fermi level is at -6.7 eV; so for a 
given V2O5 thickness, the (Ec-Ef) value, which decides the electron density and hence the 
electronic properties of the surface, can be found from this graph. This is done by directly 
reading the band energy values corresponding to that thickness (distance from the interface). 
This is, however, only a first approximation. Poisson’s equation can be solved for finite 
overlayer thicknesses if we have information about the surface states. However, the role of the 
surface states is not known and may have to be determined through experiments. The surface 
states can modify the potential and charge distribution in the layer by completely or partially 
absorbing the charge that can be transferred from TiO2 (due to the work function difference) but 
is beyond what can be accommodated within the V2O5 layer. 
 
We can see from Fig. 2.4 that most of the band-bending occurs within the first 5 nm from 
the interface and beyond that, there is not much difference in the band bending values for various 
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doping levels in TiO2. However, films up to 15 nm thick have nontrivial band-bending from the 
bulk and can show noticeable changes in catalytic activity as compared to much thicker films. 
 
2.5.2. Using p-type TiO2 
The use of p-TiO2 with work function higher than that of V2O5 will create depletion 
regions in the V2O5, which are generally thicker than accumulation regions, and hence will 
permit us to use thicker films and still see considerable effects of band-bending. For the p-TiO2 / 
V2O5 system, which forms a p-n anisotype junction, the calculations are similar to that for a p-n 
homojunction. 
 
The following equations are again from Sze and Ng [14]. The ratio of voltage supported 
in each semiconductor is: 
      
1 1 2 2
2 2 1 1
b A
b D
V N
V N
 
 


                      (2.6) 
ψb refers to the band bending value at the interface of each semiconductor; ε refers to the  
dielectric constant; N represents the carrier concentration; subscripts A, D refer to acceptor (p-
type, TiO2) and donor (n-type, V2O5). Vi refers to the portion of an applied voltage V, that 
appears across each semiconductor. Subscripts 1 and 2 refer to V2O5 and TiO2 respectively. 
 
Since no external voltage is applied in our case, the left hand side of the equation translates to the 
ratio of band-bending values on both sides of the junction. 
          
1 2 2
2 1 1
b A
b D
N
N
 
 
                         (2.7) 
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Using this and the fact that the sum of the band-bending values equals the work function 
difference, the individual band-bending values are estimated. 
    1 2 1 2b b
                           (2.8) 
The following formulae are used to estimate the depletion widths (WD): 
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 
 
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                         (2.10) 
 
ψ refers to the total band bending (sum of the individual interface band bending values), which is 
equal to the work function difference between the materials on either side of the junction. V, the 
total applied voltage = 0 in our case.  
 
The potential and hence the band energies vary quadratically with distance in the depletion 
region. The equations for the potential profile are given below: 
 
On the p-type side: 
 
2
2 2
1 22
A d
x
qN x W

 

             for –Wd2 ≤ x < 0          (2.11) 
On the n-type side: 
 22 1 12 2
2 1
2
2 2
D dA d
x
s s
qN W x xqN W

 

            for 0 < x ≤ Wd1          (2.12) 
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(The junction is at x = 0; p-type material is in x < 0 and n-type material is in x > 0) 
 
The band energies vary in the opposite manner but by the same magnitude (i.e. for ‘b’ 
Volts change in the potential, the band energy changes by –b eV). These are plotted in Fig. 2.5 
below (V2O5 side) for various carrier concentrations in TiO2. (In all cases, the bulk band energy 
is -6 eV and the Fermi level is at -6.7 eV). 
 
We can see that even at film thicknesses of 40 nm, a 0.1 eV difference in band-bending 
values between different doping levels, is possible. Such a difference can lead to a ratio of 
activities of ~50. Thus, the effect of doping of substrate can be relatively easily shown in this 
case. 
 
Also, the effect of film thickness on the reaction rate can be shown with thicker films. For 
example, in the case of the film with Na = 10
16
 cm
-3
 in TiO2, as we go from 80 to 60 to 40 to 20 
nm, there is considerable change in band-bending. These thicknesses can easily be synthesized 
with the existing CVD chamber. However, TiO2 is notoriously difficult to dope p-type, and the 
protocol for that was not developed within the time-frame of this project. Nevertheless, this study 
remains important from the theoretical perspective and gives strong support for future 
experimental work. Because the bands are bent up, the work function will be higher than bulk 
when using p-TiO2 as a substrate, leading to slower reaction rates for reactions that use electrons 
from the catalyst. However, this will increase the acidity of acid sites and enhance reactions 
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requiring acid sites, such as the dehydration of isopropanol to propylene [17] and methanol to 
dimethyl ether [2]. 
 
2.6 Conclusion 
A method to predictably modify the surface Fermi level of supported metal oxide 
semiconductor catalysts has been developed. This method involves considering the supported 
catalyst as a heterojunction and this allows the rational modification of catalytic activity, as will 
be explained in the next chapter. Fermi level change of up to 0.3 eV in V2O5 is possible by using 
a n-type TiO2 support. Higher electron density in the support will translate to higher electron 
richness (lower work function) at the V2O5 surface, which enhances reactions that need 
electrons. High modification of catalytic activity can be seen especially when the overlayer films 
are very thin – of the order of a few nanometers. The surface electron richness of the overlayer 
can be reduced by using p-type supports, and this was demonstrated for V2O5 supported on p-
TiO2. In this case, the effect of the support can be seen even for overlayers as thick as 80 nm. 
Thus very fine tuning of catalytic activity is possible, giving additional impetus to developing 
methods for reliable p-type doping of oxide semiconductors such as TiO2. In both cases, 
variation of the overlayer thickness offers a convenient way for modifying the surface Fermi 
level and hence the catalytic activity. The model developed provides quantitative estimates for 
Fermi level change, thereby enabling rational design. 
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2.7 Tables and Figures 
Table 2.1: Parameter values used in the calculation of band-bending values and band energy 
profiles for the V2O5/TiO2 heterojunction. 
 
Parameter Value units 
Dielectric constant ε2 (TiO2) 31  
Conduction band minimum Ec (TiO2) 3.9 eV 
Conduction band effective 
density of states 
Nc (TiO2) 7.9E+20 cm
-3
 
Valence band effective density 
of states 
Nv (TiO2) 1.8E+19 cm
-3
 
Carrier concentration Nd (V2O5) 1E+16 cm
-3
 
Dielectric constant ε1 (V2O5) 5.3  
Work function Φ1 (V2O5) 6.7 eV 
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Fig. 2.1 (a) Band diagrams of V2O5 and TiO2 when they are apart (b) Band diagram of the V2O5 / 
TiO2 heterostructure. Bands have to be shifted and bent to maintain a common Fermi level and 
consistent potential. In the depletion region of TiO2, due to lower electron density, the Fermi 
level is located lower in the band gap. The opposite happens in the case of V2O5. 
 
(a)   
 
(b)  
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Fig. 2.2 Band diagram of the V2O5 / TiO2 heterostructure with a very thin V2O5 layer. 
Insufficient charge compensation can lead to diffusion of excess carriers to the V2O5 surface 
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Fig. 2.3 Normalized potential vs. normalized distance in an accumulation region [15] 
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where V is the potential, Z is the distance from the interface, k is the Boltzmann constant, T is 
temperature, q is the charge of an electron, κ is the dielectric constant, ε0 is the permittivity of 
free-space, nb and pb are the bulk carrier concentrations of electrons and holes respectively. 
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Fig. 2.4 Conduction band profile in the accumulation region of V2O5 for various carrier 
concentration values (Nd in cm
-3
) in TiO2. The Fermi level is at -6.7 eV and the bulk conduction 
band is at -6 eV. 
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Fig. 2.5 Conduction band profile in the depletion region of V2O5 for various carrier concentration 
values (Na in cm
-3
) in p-TiO2. The Fermi level is at -6.7 eV and the bulk conduction band level is 
at -6 eV 
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Chapter 3: Model relating the fermi level of catalysts to their catalytic activity 
3.1 Abstract 
In this chapter, a model is presented that relates the Fermi level position of certain metal 
oxide semiconductors to their catalytic activity. This model, combined with the method 
developed in the previous chapter, allows for the rational design of supported oxide catalysts. 
However, this model can also be used for predicting the activity of doped oxides or calculating 
the extent of doping required for a certain activity. The model is semi-empirical in nature and has 
been developed for oxides of transition metals in Groups IV, V and VI of the Periodic Table 
whose cations have a d
0
 configuration. The model employs a series of semi-empirical relations 
that connect the surface Fermi level of the solid to its activity through the point of zero charge 
and overall Hammett acidity. Only the electronic effects on the catalysis are considered; the 
molecular structure of the catalyst in not considered explicitly as a factor. Nevertheless, 
parameters used such as the work function of the oxide may include such structural factors. A 
method is also proposed to ascertain the catalytic activity of other oxides (in the set of oxides 
considered here) given the activity of one oxide at various doping levels. Calculations show that 
the effect of p-doping of these oxides, which are naturally n-type due to oxygen vacancies, can 
be very large, especially for reactions that are more ionic. 
 
3.2 Introduction 
 Transition metal oxides such as vanadia and titania are used widely in the heterogeneous 
catalysis of gas-phase reactions such as alcohol oxidation [1, 2], selective reduction of NOx [3, 
4], oxidative dehydrogenation of alkanes [5], and many others [6-15]. The acid-base properties 
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of such materials often determine catalytic performance [16]. Many metal oxides are 
semiconductors, and the type and concentration of majority charge carriers directly influences 
the acid-base properties [17, 18].  Since doping can modify carrier concentration, quite a bit of 
attention has focused on adding altervalent elements to modify activity and selectivity [14, 19-
21]. However, the dopants can exert both chemical and electronic effects whose deconvolution is 
often difficult.  Many laboratories have reported changes in reaction rate with doping level, but 
far fewer have demonstrated the systematic variation of reaction rate with carrier concentration 
[5, 22]. Controlling this concentration in oxides is less straightforward than in other 
semiconductors such as Si and Ge, as not all dopant atoms are electrically active yet many native 
defects are. To deconvolute the chemical and electronic effects of dopants, and to control the 
electronic effects with precision, models are needed that relate carrier concentration (as 
embodied in the Fermi level position or work function) to reaction rate.   
Accordingly, several descriptions of this sort have been advanced [23-25]. Perhaps the 
most quantitative was proposed by Volkenshtein in the 1950s and 1960s [23]. This model has 
been used successfully to predict adsorption coverage for applications such as gas sensors [26, 
27]. However, the model has been little-used for predicting reaction rates or selectivity, mainly 
because primary inputs include the energy levels of the surface states formed by adsorbates on 
the catalyst. These energy levels are difficult to measure experimentally, especially under 
reaction conditions, and are known in only a few cases such as oxygen adsorption on SnO2 [26, 
28, 29] and ZnO [27]. A model using input parameters that are more straightforward to measure 
would therefore be beneficial.  
The present work develops such a model for transition metals in Groups IV, V and VI of 
the Periodic Table whose cations have a d
0
 configuration.  These oxides typically serve as Lewis 
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acid catalysts, but can mediate base-catalyzed reactions as well. The model employs a series of 
semi-empirical relations that connect the surface Fermi level of the solid to its activity through 
the surface acidity. Each relation has a well-defined theoretical basis, but the input parameters 
are derived from experimental measurements available in the literature.  Three distinct relations 
are employed:  
1. Surface Fermi level (Ef)  point of zero charge (PZC). This relation is newly described 
in the present work.  
2. PZC  Overall Hammett acidity (H0,max). This relation for certain oxides was originally 
identified by Sun and Berg [30]. We have improved the numerical correlation using a 
larger database of PZC values.  
3. H0,max  catalytic rate constant (k).  This relation was originally identified by Hammett 
[31]. It contains a parameter λ that depends upon the type of reaction. We derive a value 
of  for the reactions considered here. 
With these relations in place, a quantitative relationship between the Fermi level position 
(or its close relative, the work function) and the activity makes use of the following sequence:   
        Ef  PZC  H0,max  k                (3.1) 
This model employs a “collective” approach [32] to describing catalytic activity; only the 
continuum properties of the solid are considered rather than behavior on a molecular level.  
Other examples of the collective approach include Volkenshtein’s model and correlations of 
activity with metal-oxide bond energy or electronegativity of the constituent ions. Correlations 
based upon properties of the constituent elements can capture major trends in reactivity, but are 
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ill-suited to more refined effects due to doping. The model that we have developed can fill that 
void. 
 
3.3 Relations linking Fermi level to catalytic activity 
The following describes the theoretical basis for the relations outlined in Eq. (3.1) and presents 
suitable input parameters. 
3.3.1 Fermi level and PZC 
The PZC quantifies the acidity of a solid surface placed in aqueous solution via the 
electrically charged species that adsorb.  When those species are principally H
+
 or OH
-
, PZC is 
defined as the pH at which the net electrical charge residing on the surface is zero.  The PZC is 
typically measured by electrophoresis, potentiometric titration, or direct measurement of pH in a 
solution heavily loaded with solid.  
In the 1980s, Mullins & Averbach [33] reported an experimental relationship between 
PZC and (surface) Fermi level in insulating oxides of elements taken mainly from the third row 
of the Periodic Table (Mg, P, Si, Al). To give this finding a firmer theoretical basis, Mullins [34] 
used quantum chemical principles (via Huckel charge estimations) to relate the Fermi level 
position to the solid’s reactivity with water (which determines the PZC). He derived a 
relationship between PZC and Fermi level that is nonlinear over a very wide range of Ef.  
However, that relationship behaves approximately linearly in the regime of Fermi levels that is 
typically available experimentally [33]. The derivation focuses upon alignment between the 
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energy levels of the bulk conduction/valence band edges of the oxide with those of the water 
molecule, and assumes the solid behaves as a perfect insulator.  
Although a relationship between PZC and Ef does not appear to have been proposed 
before for semiconducting oxides, it is straightforward to construct a plausibility argument for 
why such a relationship should exist, and why it should be linear.  A qualitative rationale follows 
these lines. As Ef moves higher in the bandgap, the solid takes on more Lewis base character due 
to the increased electron density at the surface.  To compensate, the PZC tends to rise, as the pH 
of the surrounding solution must also rise to force more OH
-
 onto the surface or to withdraw 
more H
+
.   
A more quantitative rationale recognizes that the surface electron concentration n varies 
exponentially with changes in the position of the surface Fermi level Ef (according to Fermi-
Dirac statistics). Thus, if for concreteness we reference Ef to the valence band maximum EV, 
 f VE E kTn e
 

                      (3.2) 
where k represents Boltzmann’s constant and T the temperature 
There are two distinct perspectives for relating the surface electron concentration to the 
pH of an ambient aqueous solution: via consideration of H
+
 (or OH
-
) ion concentrations or of 
chemical potentials. In a concentration framework, increasing the n-type character of the 
semiconductor and therefore the readiness of the surface to donate electrons must be 
counterbalanced at equilibrium by decreasing the electron accepting capability of the adsorbed 
layer. This change in the adsorbed layer is accomplished by increasing the amount of adsorbed 
OH
-
 and/or decreasing the amount of adsorbed H
+
.  It is plausible to postulate a one-to-one 
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correlation between n and the concentration of adsorbed OH
-
 or H
+
.  Since n varies 
logarithmically with Ef and (within suitable limits) the concentration of adsorbed OH
-
 or H
+
 
varies logarithmically with pH, then the PZC should vary linearly with Ef.   
From the perspective of chemical potential, Ef represents the chemical potential of 
electrons in the solid surface, and the pH represents the chemical potential of OH
-
 or H
+
 in the 
aqueous phase.  Since the PZC represents a pH under a condition of equilibrium between the 
solid and aqueous phases, any change in Ef should be exactly compensated by an equivalent 
change in the PZC; i.e., the two quantities should vary linearly with each other. 
To delineate this linear relationship more specifically requires experimental data.  
Accordingly, Fig. 3.1 shows the PZC values from Table 3.1 as a function of Ef from Table 3.2 
(referenced to EV) for several metal oxides. The specific oxides chosen were those of the 
transition metals V, Ti, Zr, Nb, Mo, and W in Groups IV, V and VI of the Periodic Table whose 
cations have a d
0
 configuration. These oxides also have rather high metal-oxygen bond energies 
as compared to other transition metal oxides (e.g., NiO, CuO, CoO, Fe2O3) and are strong Lewis 
acids. The oxides shown in Fig. 3.1 are all n-type semiconductors, and many find use in selective 
oxidation reactions. The similarities among these materials has long been recognized [35]. Fig. 
3.1 indeed shows the postulated linear relation, and a least-squares fit yields: 
   
 3.26 3.61f VPZC E E                      (3.3) 
The PZC values used in the correlations are average values, which for some materials 
have large standard deviations and therefore large uncertainties. Thus, accurate measurement of 
PZC values will be essential for correspondingly accurate rate predictions.  
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3.3.2 PZC and Hammett acidity 
The Hammett acidity (or basicity) H0 [31] provides a different quantification of the acid-
base behavior via the use of chemical indicators.  In the same way that the dissociation strength 
of an aqueous acid or base (as quantified by pKa) can be estimated by adding a variety of color 
indicators with varying dissociation constants pKa, H0 for a solid can be estimated by adding a 
variety of specialized color indicators such as neutral red, phenylazonaphthylamine, p-
dimethylaminobenzene and benzeneazodiphenylamine [36]. For an acidic surface, for example, 
an indicator will change color only if there are acid sites strong enough to exchange H
+
 with the 
indicator, i.e., that H0 ≤ pKa of the indicator.   
 Solid surfaces differ from liquids, however, by supporting a variety of sites having a 
distribution of acid and base strengths.  A global metric of this distribution is therefore required. 
That metric has been termed H0,max, and is measured as follows [36, 37].  The shape of the 
distribution function (i.e., the areal concentration of surface sites vs. acid strength) is measured 
by titrations performed with several different indicators.  For example, the number of acid sites 
corresponding to the pKa of a given indicator is determined by the measured addition of a base 
(typically n-butylamine) until the indicator changes color.  Repetition with a succession of 
indicators builds up a cumulative curve of the concentration of acid sites vs. pKa (or 
equivalently, H0).  Fig. 3.2 shows such a curve schematically; the cumulative number of sites 
decreases in the direction of lower H0 (or equivalently, more potent acid strength). 
Analogous titrations with acid (typically trichloroacetic acid) yield the corresponding 
curve for base sites.  However, the same set of indicators must be used to exploit the well-
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established relationships between the indicators’ pKa and H0.  So by analogy with quantifying the 
strength of classical organic bases, the strength of the basic surface sites is represented in terms 
of the strength of the sites’ conjugate acid. Strong base strengths correspond to weak conjugate 
acids (with high H0), and weak base strengths correspond to strong conjugate acids.  Repetition 
of acid titration with a succession of indicators builds up a cumulative curve of the concentration 
of base sites vs. pKa (or equivalently, H0) of those sites’ conjugate acids.  Fig. 3.2 shows such a 
curve schematically; the cumulative number of sites decreases in the direction of higher H0. 
The two curves arising from acid and base titrations intersect at a value of H0, denoted 
H0,max.  Assuming that the potency of any acid site is lower than that of the conjugate acid of any 
base site, H0,max can be conceptualized as indicating the strength of the most potent acidic site as 
well as the most potent basic site on the surface. Note that H0,max is only a mathematical 
construct, and may not represent H0 for any actual site on the surface.  H0,max does offer a 
convenient single metric of the overall acid-base strength of the solid, however;  a low value 
indicates a predominantly acid surface, and a high value corresponds to a mainly basic surface.  
 H0,max and PZC both give insights into the acid-base behavior of the surface, although the 
two metrics employ different means.  Yet it is not unreasonable to suppose the two quantities 
correlate with each other for a given family of materials.  As both quantities are defined on a pH-
like scale, the two can be expected to be linearly correlated. Indeed, Sun and Berg [30] examined 
a family of oxides and found such a correlation. We have examined a different grouping as 
described in the previous section, and used a correspondingly different data set for H0,max and 
PZC [37].  The literature remains sparse, and is sometimes unreliable (as with the case of V2O5, 
which is known to be acidic [38] but for which the reported H0,max value is 8.5 in the basic 
range).  To circumvent these problems, the oxides chosen for the present correlation are not 
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exactly the same as those for the correlation between Fermi level and PZC. Fortunately, a more 
diverse set of materials is probably acceptable, as we are correlating two measures of the same 
fundamental property (acid-base behavior). Fig. 3.3 shows a plot of the PZC (from Table 3.1) 
and H0,max values (from Table 3) yielding the following correlation: 
     
 0,max 0.71 0.77H PZC            (3.4) 
 
3.3.3 Hammett acidity and catalytic activity 
For reactions catalyzed by a liquid medium (such as HCl or H2SO4 in water), the rate 
depends upon on the Hammett acidity of the solvent [31].  In particular, the rate constant varies 
exponentially with the acid strength: 
10 0log k A H             (3.5) 
where A is a constant for a given acid and reaction. The proportionality constant λ typically lies 
close to 1. The sign of λ is positive for reactions catalyzed by acids and negative for bases. 
Note that reactions involving multiple sites or products sometimes yield non-monotonic 
variations in activity with H0 – e.g., a bell-shaped curve. Such curves have been observed for 
both gas and liquid phase reactions [31] and in some cases would require correlations different 
from Eq. (3.5) if the effects are pronounced.  
Eq. (3.5) was originally derived based upon very fundamental considerations of reaction 
transition states, so there is reason to believe that the relation generalizes beyond liquids.  Indeed, 
Brei [39] has shown that the same equation holds for gas-phase reactions on solid heterogeneous 
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catalysts.  However, as mentioned in connection with Eq. (3.4), the best overall measure of the 
Hammett acidity for solids is H0,max.  Hence, we generalize Eq. (3.5) in light of the work of Brei 
as follows: 
10 0,maxlog k A H            (3.6) 
Although the function form of this equation should describe the behavior of a wide 
variety of oxides, the specific values of the parameters A and  vary from oxide to oxide and 
reaction to reaction. For the small number of systems that have been studied,  has generally 
been reported in the range of 0.15 to 0.6 [40].  Data are rather sparse, and the range for  is 
broad.  But the range is lower than that for most liquid-phase reactions.   
Eq. (3.6) fundamentally embodies a linear free energy relationship.  Therefore one can 
conceptualize the value of  by analogy with liquid-phase homogeneous catalysis. Eq. (3.6) 
bears a strong resemblance to the well-known Bronsted equation [41], which describes the 
relation between the rate constant and the strength of a base catalyst B. When the base strength is 
quantified by the dissociation constant KBH+ of the base’s conjugate acid, the rate constant 
becomes: 
 1B B BHk G K


     (3.7) 
or 
   
 10 10log logB B BHk G pK       (3.8) 
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where G  and  are constants. Eq. (3.6) matches the form of Eq. (3.8), where H0,max takes the 
place of pKBH+, and λ takes the place of β.  For simple liquid catalysts with a single site, β takes 
values in the range of 0 to 1. The value of β correlates with the extent to which the reaction (or 
proton transfer) is complete in the transition state [41]. A reactant-like transition state 
corresponds to β near 0, and a product-like transition state corresponds to β = 1. Product-like 
transition states correspond to greater transfer of charge.  On this basis, we surmise that higher 
values of  for solids can be expected for reactions that are more ionic and have greater charge 
transfer at the transition state.  
 
3.4 Discussion – Fermi level and catalytic activity 
In this discussion, we aggregate the semi-empirical correlations described above into a 
single relation between rate constant and Fermi level (or work function).  We also describe 
examples drawn from the literature that support the function form of this relation, and comment 
on the complications entailed in obtaining the parameters within it. 
 
3.4.1 Relation between rate constant and Fermi level 
Equations (3.3), (3.4) and (3.6) respectively connect Ef to PZC, PZC to H0,max, and H0,max 
to k.  Combination of these equations yields: 
                 
   ln 2.3 5.3 1.8f Vk A E E                  (3.9) 
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Although Eqs. (3.3) and (3.4) describe the entire class of d
0
 oxides examined here, the 
specific parameters A and  within Eq. (3.6) vary from oxide to oxide, and from reaction to 
reaction.  For a particular oxide and reaction, however, Eq. (3.9) reduces to: 
                                         
 
 
2
1 2
1
2 1
ln 5.3
5.3
f f
k
E E
k

  
 
  
 
 
    (3.10) 
where Φ is the work function in eV; Ef is given in eV, referenced to valence band edge.  
This equation predicts an exponential dependence of rate constant upon Fermi level. 
Acid-catalyzed reactions (with positive values of ) will have higher rates for n-type catalysts 
that are doped to become more p-type. The effects can be quite substantial.  For example, if Ef 
can be modestly adjusted downward by only 0.5 eV and if  = 1, then the reaction rate would 
increase by more than a factor of 14, i.e., more than an order of magnitude. 
Also note that the magnitude of the band gap does not enter directly into Eq. (3.10); only 
the absolute change in Ef matters.  For the family of oxides considered here, the band gap ranges 
from a low of 2.3 eV (V2O5) to a high of 5.2 eV (ZrO2).  Eq. (3.10) therefore implies that the 
possibilities for manipulating reaction rate are greater for the oxides with larger band gaps, as the 
possible range of Ef is greater for those materials. For example, changing ZrO2 from fairly 
strongly n-type (Ef = EV + 4.5 eV) to equivalently p-type (Ef = EV + 0.5 eV) would increase the 
rate constant by a factor of over 10
9
, assuming  = 1.  The family of oxides chosen here tends to 
exhibit n-type behavior when undoped. We surmise that the correlations we have developed can 
be used in similar form when the semiconductor is p-doped, as long as the reaction mechanism 
remains the same. 
42 
 
To illustrate the behavior of Eq. (3.9) over a range of d
0
 oxides, Fig. 3.4 shows the 
predicted variation in activity of these oxides for methanol oxidation to formaldehyde with 
hypothetical variations in work function.   The plot for each oxide is anchored by a reaction rate 
drawn from the literature for the reaction, but normalized to a particular set of temperature and 
pressure conditions. Such a procedure is tantamount to determining A for each oxide.  Badlani 
and Wachs [42] have reported reaction rates in terms of turnover frequencies (TOF’s) for 
methanol oxidation to various products on several undoped oxides.   Fig. 3.4 shows redox TOF’s 
reflecting conversion to HCHO.   
The rate-limiting step in methanol oxidation to formaldehyde is the abstraction of a 
hydrogen atom from an adsorbed methoxy species by a surface oxygen atom.  Although the 
overall reaction involves redox, the catalyst acts like a base in this step, leading to a negative 
value for .  The specific value of  for each oxide was estimated according to the principle 
discussed above that transition states corresponding to greater transfer of charge lead to higher 
values of . The charge transfer in transition state for this reaction depends upon the electron 
richness on the surface oxygen atom, which in turn depends upon the ionicity of the metal-
oxygen bonding in the oxide structure, which can be quantified through the concept of ionicity 
fraction (IF) of the metal-oxygen bond.  We assumed a direct linear proportionality between  
and IF.  IF can be estimated through a simple formula based upon the difference Δ in Pauling 
electronegativity between the metal and oxygen. This formula is [43]:  
 
2
1 exp 0.25*IF     
                                (3.11) 
43 
 
As an anchoring point for , we employed the value for V2O5 derived from our analysis 
of the data of Grzybowska et al. [5] described later in Section 3.4.2.  Using this basis and the 
electronegativities with corresponding IFs shown in Table 3.4, the value of  could be estimated 
for each oxide. In the case of WO3, Nb2O5 and TiO2 where Ref. [42] listed the TOF as zero, we 
set the value to 0.0001 s
-1
 the same order of magnitude as, but lower than, the lowest non-zero 
value recorded (0.0002 s
-1
). 
Instead of using Ef - EV as the independent variable, Fig. 3.4 employs work function 
because this quantity is typically the one obtained directly from experiments.  Ef - EV and work 
function are readily interconverted through use of the electron affinity and band gap for each 
oxide, shown in Table 3.2.  Fig. 3.4 shows the predicted TOF’s over a range of work function 
corresponding to the experimental band gap for each oxide.   
The relative vertical positions of the black points in Fig. 3.4 reflect the well-known 
observation that V2O5 yields the fastest rates for methanol oxidation. However, the line 
predictions suggest that ZrO2 can be made as good as V2O5 by strong n-doping (if such doping is 
indeed possible).  None of the other oxides shown would be able to match V2O5 even after 
doping.  
 
3.4.2. Comparison to literature results 
There exist very few literature reports wherein both the Fermi energy and the activity of a 
metal oxide catalyst are reported and varied simultaneously. More commonly, the literature 
discusses variation of reaction rate as a function of the amount of dopant added.  But since most 
dopants in metal oxides exhibit poor electrical activation that is difficult to predict or measure, 
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such work cannot be used to connect activity and Fermi energy. In the cases we are aware of, the 
rate varied exponentially with Fermi energy (or more precisely, work function) as predicted by 
Eq. (3.10).  
In one case, Grzybowska et al. [5] deposited one monolayer of V2O5 on various doped 
and undoped TiO2 particles, and then measured the activities for propane oxidative 
dehydrogenation. The TiO2 particles were doped by impregnation with aqueous solutions of Ca, 
Al or Fe nitrates or with ammonium tungstate, followed by drying and calcination at 650-750 °C. 
Work functions of both the TiO2 supports and the supported vanadia were measured by the 
vibrating condenser method. Table 3.5 shows the work functions (at 300 ºC) and corresponding 
catalytic activities (at 280 ºC), and we have plotted the data in semi-logarithmic form in Fig. 3.5. 
We have calculated the slope of the best-fit line (excluding an obvious outlying point) to be 2.38, 
which leads to  = -0.45.  The negative value indicates a base-catalyzed reaction, in accord with 
the known Mars-van Krevelen mechanism.  
Another case that we are aware of involves an oxide of Ni, which does not fall within the 
group used to develop Eq. (3.10).  However, the results for NiO show that the functional form 
indicated by Eq. (3.10) is still obeyed.  For example, Keyer et al. [22] prepared NiO doped with 
Li2O. Fermi level position was measured by a technique that was not specified.  In subsequent 
CO oxidation reactions, the doped NiO catalyst exhibited a linear variation in ln(rate) with work 
function.  Fig. 3.6 reproduces the data; the reactivity decreases with increasing doping and work 
function.  Quantitatively, the rate decreases by an order of magnitude with a 0.3 eV increase in 
work function. Both the pre-exponential factor and the activation energy increase with increasing 
doping, leading to a compensation effect. But the change in activation energy dominates, causing 
the overall rate to decrease. The least-squares fit line in Fig. 3.6 has a slope of 6.84, 
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corresponding to λ = -1.29. Curiously, the negative sign on  is contrary to the expectation of a 
positive value, since the reaction is widely believed to be catalyzed by acid sites [44, 45].  
Bielanski and Deren [46] also studied the effect of Li doping of NiO on its catalytic 
activity in CO oxidation. Pure NiO was prepared by the calcination of nickel carbonate at 1000 
°C. Impregnation of the nickel carbonate with Li2CO3 solution prior to calcination was employed 
to accomplish doping. The work function was estimated through contact potential measurements 
using the dynamic condenser method. In accord with Keyer et al., the work function increased 
upon addition of Li. By contrast, however, the rate data of Bielanski and Deren showed a 
decrease in activation energy with increasing work function. The variation was linear. We have 
calculated reaction rates from the activation energies (assuming a constant pre-exponential 
factor) and have plotted the values in Fig. 3.7. The least squares line relating ln(rate) to the work 
function has a slope of 32.1, corresponding to  = 6.06.   The positive value of  matches the 
expectation for an acid catalyzed reaction but is opposite to the results from Keyer et al.; we do 
not know the reason for the discrepancy.  It may be relevant that the material characterization of 
Bielanski and Deren show that Li doping in NiO leads to complicated movements of the Fermi 
level.  At doping levels above 0.13%, the Li begins to enter substitutional lattice sites (instead of 
remaining interstitial), and the Fermi levels on the surface and in the bulk begin to move in 
opposite directions. Importantly for correlational purposes, however, the rate varies 
exponentially with work function in both sets of work and accords well with the functional form 
given in Eq. (3.10). 
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3.4.3 Commentary on parameter determination 
In general, the data sets for all the parameters underlying Eq. (3.10) Fermi levels, PZC’s, 
and Hammett acidities are sparse and have questions in terms of reliability.  The questions stem 
from metrology issues in (especially with Hammett acidity), the effects of material preparation, 
and the availability of reliable values for carrier concentration or work function. Hammett 
acidities have already been discussed above.  Material preparation exerts substantial effects on 
several material properties.  As an example, samples of oxides such as NiO pre-washed with 
water have PZC values that differ from those of unwashed samples [47], possibly due to the 
formation of hydroxides or the saturation of certain sites.   The history of thermal processing 
affects PZC, as well as the presence of adsorbed species like CO2 or silica unwittingly deposited 
from solution. 
Fermi levels are notoriously difficult to determine reliably for many oxides, mainly due 
to the difficulty of forming metallic ohmic contacts for measurement by four point probe or Hall 
effect techniques. Accordingly, as an example, the reported carrier concentration values of 
polycrystalline TiO2 thin films of range from 10
16
 to 10
19
 cm
-3
 [48].  The films were synthesized 
by various deposition techniques and measured using methods such as impedance spectroscopy, 
capacitance-voltage and Hall effect, so it is difficult to deconvolute the full effects of metrology 
method vs. synthesis method. Yet the possible scope of variation is clear. 
Note that some experimental techniques measure the carrier concentration in the bulk, 
which leads in turn to inference of the bulk Fermi level as employed in Eqs. (3) and (10).  
Examples of such methods include impedance spectroscopy, capacitance-voltage measurements, 
and Hall effect measurements. The Fermi level position can also be estimated through work 
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function measurements using methods such as Kelvin probe force microscopy and ultraviolet 
photoelectron spectroscopy. Such measurements yield the position of the surface Fermi level 
directly, which is the fundamental quantity from which some of the correlations described above 
are based.   
The position of the Fermi level at the surface does not always match that in the bulk due 
to the presence of surface states.  Depending upon the number of such states and their energy 
distribution, the movement of the surface Fermi level may be partly impeded, or in occasional 
cases completely impeded due to complete Fermi level pinning.  Most commonly, however, the 
surface Fermi level tracks the bulk value in a way that is only partly attenuated; i.e., a change in 
the bulk Fermi level position (by doping or other means) manifests itself at the surface, at least in 
part.  In the related case of Schottky barriers at metal-semiconductor contacts, such behavior has 
been studied extensively and often obeys an approximately linear relation [49-52]. Thus, we can 
expect a linear relation between the surface and bulk Fermi level positions in semiconducting 
metal oxides. Hence, the form of the correlations developed here will hold for bulk Fermi level 
values also; however, the values of the parameters will differ. In the case of certain transition 
metal oxides such as TiO2, the surface band bending or the energy difference between the surface 
and bulk Fermi levels, is also quite modest [53]. In such cases, the value of the bulk Fermi level 
can be used directly in the correlations if data for surface Fermi level values is not available.  
 
3.5 Conclusion 
 A semi-empirical model has been developed to relate the activity of oxide catalysts to 
their Fermi level position. The model has focused upon oxides of transition metals in Groups IV, 
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V and VI whose cations have a d
0
 configuration. The oxides that are specifically considered in 
this thesis, V2O5 and TiO2, both belong to this set of oxides. Combined with the method 
developed in the previous chapter, this model allows us to quantitatively design supported 
catalysts.  
The model by itself also predicts interesting results. The family of oxides chosen here 
tends to exhibit n-type behavior when undoped, and Eq. (3.10) suggests that the effects of 
successful p-doping on rate for reactions catalyzed by acid sites would be enormous, especially 
for oxides with large band gaps and reactions with substantial ionicity.  Such doping has been 
demonstrated in several of these oxides [5, 54-56] but is not easy.  The oxides considered here 
typically (though not exclusively) mediate acid-catalyzed reactions. We speculate that analogous 
effects would occur for other semiconducting oxides that typically act as Lewis bases.  
Presumably successful n-doping would lead to greatly enhanced reaction rates. 
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3.6 Tables and Figures 
Table 3.1: PZC values of some transition metal oxides  
 
Oxide 
                                             PZC (pH scale) 
Reported Values Mean Std. Dev. 
WO3 0.3 [57], 0.4 [58], 1.5 [47, 59] 1.1 0.6 
V2O5 0.5 [60, 61], 1.4 [47, 57, 62, 63], 2.0 [47, 64, 65] 1.4 0.6 
Nb2O5 3.5 – 7.6 [57], 2.6 – 7.3 [47] 4.5 1.6 
TiO2 5.2 – 6.6 [57] 6.2 0.4 
ZrO2 3.9 – 9.1 [57] 6.7 1.2 
Al2O3 3.6 – 11.4 [57] 8.1 1.5 
MoO3 1.5 [63], 2.1 [66] 1.8 0.4 
ZnO 9 [47] 9.0 - 
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Table 3.2: Values of the electronic structure parameters for various metal oxides
a
  
 
Oxide 
Electron 
Affinity (eV) 
Work Function 
(eV) 
Band-gap (eV) Ef - EV (eV) 
WO3 3.3 [67] 4.4 [68, 69] 2.6 [70] 1.5 
V2O5   2.3 [71, 72] 1.6 [73]
b
 
Nb2O5 4.0 [74] 5.6 [75, 76] 3.9 [77] 2.3 
TiO2 3.9 [74] 4.2 [78] 3.2 [79] 2.9 
ZrO2   5.2 [80] 3.3 [80] 
 
a
 Only values that were used for the calculation of Ef - EV are mentioned here 
b
 Ec-Ef was available from [73], so only references for band-gap were required for calculating Ef 
- EV  
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Table 3.3: Hammett acidity values of some transition metal oxides
a
  
 
Oxide H0,max 
WO3 1.3 
MoO3 2.1 
TiO2 5.5 
ZnO 6.4 
Al2O3 7.2 
    
a
 All data from Yamanaka and Tanabe [37] 
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Table 3.4: Estimated values of λ for methanol oxidation by some transition metal oxides 
 
Oxide 
Electro- 
negativity of 
cation (χM) 
Electro-
negativity of 
Oxygen (χO) 
Electro-
negativity 
difference 
( ) 
Ionic 
Fraction 
(IF) 
Calculated 
λ 
WO3 2.36 3.44 1.08 0.25 -0.20 
V2O5 1.63 3.44 1.81 0.56 -0.45
a
 
Nb2O5 1.6 3.44 1.84 0.57 -0.46 
TiO2 1.54 3.44 1.9 0.59 -0.48 
ZrO2 1.33 3.44 2.11 0.67 -0.54 
 
a
 The value for V2O5 was estimated from Grzybowska et al. [5]. This was used as a basis to 
estimate the λ for other oxides, assuming λ to be proportional to IF. 
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Table 3.5: Work function and activity in the oxidative dehydrogenation of propane by 
V2O5/doped TiO2 
a
 
 
Dopant in TiO2 
Change in work 
function of V2O5 / 
TiO2 due to doping 
(eV) 
Rate (10
-9
 mol C3H8 
s
-1
 m
-2
) 
W (n-type) -0.11 26.7 
None (undoped) 0 21.7 
Al (p-type) 0.21 10.0 
Ca (p-type) 0.50 6.67 
Fe (p-type) 0.12 93.3 
 
 
a
 All data from Grzybowska et al. [5] 
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Fig. 3.1 PZC (from Table 1) values of metal oxides vs. Fermi level (from Table 2), showing a 
linear correlation. The size of the error bars represents the standard deviation of the PZC values 
taken from the literature. 
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Fig. 3.2 Schematic diagram showing the method for determining H0,max. Each data point 
corresponds to one indicator within a larger set that spans a broad range of pKa. Titration with a 
base (at high pKa and H0) or an acid using the various indicators yields the cumulative 
distribution of the number of acid (or base) sites vs. potency, represented by H0. The two curves 
intersect each other and the horizontal axis at a point denoted H0,max.  Note that for practical ease 
and accuracy of curve fitting to determine H0,max, one of the cumulative curves is usually 
reflected downward below the horizontal axis.  
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Fig. 3.3  H0,max (from Table 3.3) vs. PZC (from Table 3.1) for selected oxides [30], showing a linear 
correlation.  The size of the horizontal error bars for PZC represents the standard deviation of the 
values taken from the literature.  The vertical error bars for H0,max were not given in Ref. [30], 
but were estimated as half the difference between the H0 points that H0,max lies between (e.g., the two 
points closest to H0,max in Fig. 3.2). 
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Fig. 3.4 Predicted variation of the rate of methanol oxidation to formaldehyde with work 
function for various metal oxide catalysts (at 1 atm and 573 K).  The line for each oxide is 
anchored by the black points shown, which are derived from the literature as described in the 
text. 
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Fig. 3.5 Rate (at 280C) vs. work function for ODH of propane over vanadia on doped TiO2 supports, 
adapted from Grzybowska et al. [5]. The work function is referenced to vanadia on undoped TiO2. 
The line represents a least-squares fit, excluding the outlying point for Fe doping at 0.12 eV.  Rate varies 
exponentially with work function.  
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Fig. 3.6 Data adapted from Keyer et al. [22] showing the effect of Li doping of NiO on its 
catalytic activity in CO oxidation. The rate is plotted as a function of the catalyst work function, 
which is referenced to undoped NiO.  
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Fig. 3.7 Data adapted from Bielanski and Deren [46] showing the effect of Li doping of NiO on 
its catalytic activity in CO oxidation.  The rate constant has been estimated using an activation 
energy of 18.7 Kcal/mol for undoped NiO. Calculations employed a temperature of 250°C and a 
pre-exponential factor of 10
6.5
s
-1
 (determined from the original rate data at 250C).  
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Chapter 4: Chemical vapor deposition and characterization of vanadium oxide thin 
films
*
 
4.1 Abstract 
Thin films of V2O5, as required for the heterostructure catalyst, were synthesized by 
chemical vapor deposition.  The process was developed using Si (100) wafers as substrates. 
Vanadium oxide triisopropoxide and water were used as the precursors and films were grown at 
substrate temperatures ranging from room temperature to 350 °C, with major investigations 
being done on films synthesized in the 100 – 300 °C range. Structural characterization of the 
films showed the formation of highly pure, c-axis oriented nanocrystalline films at temperatures 
as low as 180 °C. Such low temperature deposition of crystalline films by thermal Chemical 
Vapor Deposition (CVD) or Atomic Layer Deposition (ALD) had not been reported before and a 
mechanism for the better result here is proposed. Lower temperature of deposition is better as it 
minimizes any inter-diffusion between the V2O5 layer and the substrate layer and thus avoids 
spurious electronic changes. The low temperature of deposition by CVD also enables the 
synthesis of these crystalline films on polymeric and other flexible substrates for various 
applications in optical and electronic data storage devices. 
The same process proved to be effective on various other substrates such as TiO2/Si, 
glass, stainless steel and aluminum foil. Growth was conducted on these substrates for specific 
purposes of testing the films or the process or to enable certain other applications of these films, 
such as in flexible opto-electronic devices and batteries.  
 
                                                          
*
 Part of this work has been published: N.K. Nandakumar and E.G. Seebauer, Thin Solid Films, 519 (2011) 3663-
3668. 
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4.2 Introduction 
V2O5 films have been synthesized by several methods ranging from evaporation [1], 
sputtering [2], pulsed laser deposition [3, 4] to sol-gel process [5], spray pyrolysis [6] and 
plasma-enhanced chemical vapor deposition [7]. These films are useful in various applications 
such as battery cathodes [8, 9], gas sensors [10], electrochromic windows and displays [11, 12], 
humidity sensors [5] and electrical and optical switches [13]. In several of these methods, an 
amorphous material is deposited at low temperatures followed by annealing for crystallization [8, 
14]. The alternative is to use high growth temperatures to form a crystalline film [15]. We prefer 
crystalline (at least partially) films as crystalline films are more stable to attack by various 
chemicals. Moreover, the carrier concentration and other electrical properties are generally better 
defined for crystalline material.  
The synthesis method and conditions greatly influence the film’s crystallinity and 
microstructure [4, 16] which in turn affect the optical and electronic properties. The deposition 
method had to be chosen and the equipment for deposition had to be set up. CVD was chosen 
based on its ease of operation - LPCVD needs only low vacuum whereas most other physical 
deposition methods (see Table 4.1) require ultra-high vacuum (UHV); use of low vacuum also 
improves throughput as compared to UHV by reducing pumping times, higher deposition rates, 
conformality and good coverage. Moreover, CVD films also adhere well to the substrate. CVD is 
also better suited to industrial use. With the deposition method chosen, the next steps were 
process design and development. 
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4.3 CVD Process design 
The first step was the choice of precursors and reaction chemistry. The most popular 
inorganic chemistry was [17, 18]: 
VOCl3 + H2O  V2O5 + HCl     (4.1) 
However, past group members had tried using a similar precursor, TiCl4, for depositing 
TiO2 [19]. They found that TiCl4 caused several problems. It corroded the stainless steel pipes 
used for delivering it to the chamber and caused frequent breakdown of pumps, gauges and 
vacuum equipment. Given this history of a precursor analogous to VOCl3 and the possibility of 
chloride contamination on the surface, a different chemistry was sought. 
A literature survey showed that the then recent CVD / ALD of V2O5 used metal-organic 
precursors, such as VOTP [15] or V-beta-diketonates [20] as the vanadium source and water [8, 
14]/ O2 [12, 21]/ O3 / H2O2 as the oxidant. Based on existing reports [15], it was observed that 
VOTP led to the least carbon contamination and so it was selected as the vanadium source. 
Water was found to be the best reactant for VOTP, as the chemistry is very neat and the reaction 
is spontaneous even at room temperature. The overall reaction is [8, 9, 22]: 
2 VOTP + 3 H2O  V2O5 + 6 
i
C3H7OH    (4.2) 
VOTP decomposition has also been used as a CVD chemistry [15] and it was also 
attempted.  
VOTP  V2O5 + VOx + COx + CyHz   (4.3) 
N2 was chosen to be used as the inert carrier gas to deliver VOTP and water vapors from 
their respective bubblers to the deposition chamber.  
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4.4 CVD Equipment design 
The CVD equipment consists of a spherical chamber in which the deposition takes place. 
The chamber is fitted with a quick-open door, which makes sample loading and unloading, faster 
and easier. The chamber is pumped to low vacuum (30 – 40 mtorr) by an Alcatel rotary vane 
pump. The precursors – VOTP (98% pure, Strem) and deionized water – are maintained at room 
temperature in glass bubblers. In the literature, typically VOTP is heated to about 45 °C [8, 9] 
but in the current setup, that was avoided and was not found to be necessary either. VOTP’s 
vapor pressure at room temperature (25 °C) is 7.3 Pa (55 mtorr). VOTP is a photo-sensitive 
compound and hence the glass bubbler was wrapped with aluminum foil and kept inside a 
cardboard box, to minimize light entrance into it. A glass bubbler was used due to the non-
reactive nature of glass with VOTP, ease of fabrication and ease of monitoring of the liquid 
level. 
Mass flow controllers are used to control the flow rate of nitrogen carrier gas from a 
cylinder (99% pure, S.J. Smith welding supply) into the two bubblers. The set points are inputted 
and the flow rates are read, on a MKS 4-channel readout. Only one rough pump is used to pump 
the chamber and the gas-handling system. Thus the gas flow through the bubblers occurs only 
during the reaction time. In the remaining time, the bubblers are shut off from the system by inlet 
and outlet valves. The carrier gas (N2), however, is made to flow through the MFCs and through 
the chamber, bypassing the bubblers, in the non-reaction time. This is done to stabilize the flow 
of N2 through the MFCs and to stabilize the substrate temperature, which changes with gas flow 
in the chamber.  
 
70 
 
The internals of the chamber are as shown in Fig. 4.1. The reactant gases flow through 
concentric tubes (delivery tubes) within the chamber till some height above the sample, where 
they mix and react on the sample. The flows are kept separate till near the substrate to minimize 
homogenous nucleation (which leads to particle formation) and to maximize the use of the 
precursor by directing most of it to the sample. 
The sample is placed on a lamp with a metal cover-plate which acts as a platform for the 
substrate. This plate is made of tantalum and is heated by the radiation from the bulb. The 
sample placed on top of this is thus heated by conduction and radiation. Also a slot was made on 
top of the plate for insertion of a thermocouple wire, using which the sample temperature is 
measured. A thermocouple-power feed is used to monitor the temperature of the sample and to 
supply power to the bulb from outside the vacuum system. The bulb is situated on a height-
adjustable platform, of which the four legs are formed by four screws, by turning which, the 
distance between the platform and the gas delivery tube end can be adjusted. A capacitance 
manometer is used to measure the pressure in the chamber. 
The chamber externals are maintained at atmospheric conditions. In hindsight, it would 
be better to maintain the chamber walls as well as the bubblers at certain temperatures using heat 
sources / sinks as the conditions in the room fluctuated widely with the seasons. Such change in 
the conditions could lead to unexpected phenomena affecting the deposition rates.  
 
4.5 CVD Process Development 
The CVD process was developed using samples of Si(100) wafers (Sb doped, resistivity 
of 0.008 – 0.02 ohm-cm) of approximate size 1.5 cms x 2 cms as substrates. Native oxide was 
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left in place, and the substrates were degreased by washing with acetone, isopropyl alcohol, 
water and isopropyl alcohol followed by drying with air. The parameters that could be varied 
were the chemistry, carrier gas flow rates through the bubblers, substrate temperature, distance 
between substrate and gas delivery tube outlet and the pressure in the chamber. These were 
varied and optimized (studied) as follows. 
 
4.5.1 Chemistry 
The two chemistries tried were the reaction of VOTP with water and the direct thermal 
decomposition of VOTP. Crystalline films were required and the decomposition of VOTP was 
seen as a method to produce crystalline films at temperatures around 300 °C [21], whereas the 
recent reports [8, 14] on the other chemistry usually showed the deposition of amorphous films at 
around 100 °C, followed by annealing at 400-500 °C to obtain crystalline films. Since both 
required high temperature processing, both were tested. It was found that the VOTP 
decomposition chemistry led to less uniform films as compared to the VOTP + water chemistry. 
The non-uniformity could be clearly seen in the form of multiple concentric rings of different 
colors. The different colors are due to different thicknesses of the film. This can be explained by 
the small diameter of the VOTP delivery tube. Due to the small diameter and small distance 
between the tube and the sample, the gas does not have enough time to spread and hence 
different amounts of gas reach different parts of the sample, with the center receiving the highest 
flux. The flux decreases on going towards the edges. 
In the other chemistry, the VOTP/N2 mixes with the water/N2 coming from the outer 
delivery tube, which has a larger exit diameter. Thus the gases mix and have a larger spread. 
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Within a short time they reach the surface and react on that yielding V2O5 thin films. These films 
are more uniform and especially at lower temperatures such as 100 °C, films with a difference 
between maximum and minimum thickness of 1 nm or lower could be obtained. Uniformity of 
the thin films is important for our studies and hence the VOTP + water chemistry was chosen to 
be used. Moreover, the VOTP decomposition chemistry can lead to various VOx stoichoimetries 
depending on the deposition temperature and the films are randomly oriented. On the other hand, 
the VOTP + water chemistry was found to reliably yield polycrystalline V2O5 films with a (001) 
orientation. Thus this chemistry proved to be better and was used for synthesizing the catalyst 
films. 
The film deposition rates were also found to be much higher for the VOTP + water 
chemistry as compared to VOTP decomposition (for the same N2 flow through the VOTP 
bubbler). This can be explained by the reaction rates – the VOTP + water reaction is very fast 
and occurs even at room temperatures. The VOTP decomposition reaction is slow and requires at 
least 300 °C.  
 
4.5.2 Carrier gas flow rates 
The carrier gas flow rates could be modified by using the MFCs. The minimum flow of 
N2 through the water bubbler was 21 standard cubic centimeters (sccm), due to certain 
limitations of the MFC. The N2 flow through the VOTP bubbler was adjusted from 3 to 21 sccm. 
The deposition rate varied with both the flows. The deposition rates for given flow rates varied 
across different sessions / days of deposition. This could be due to the variations in the room 
temperature which leads to different vapor pressures of water. Thus the effects of these flow 
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rates had to be ascertained by comparing data from one session. The water bubbler already had a 
very high minimum flow rate of N2 and the vapor pressure of water (3200 Pa) is much higher 
than that of VOTP at room temperature so the flow rate was maintained at 21 sccm. The carrier 
gas flow rate through the VOTP bubbler directly influenced the deposition rates – larger flow 
rates led to higher deposition rates. However, larger deposition rates lead to greater film non-
uniformity and are also not ideal for growing thin films. Thus typically 6-10 sccm of N2 was 
flown through the VOTP bubbler. For growing very thin films, 3 sccm of N2 was used. By 
precisely controlling this flow rate and deposition time, films of thickness as low as 3 nm could 
be grown. The coverage was however not complete. For thicker films, having low flow rates 
gives a better chance of complete coverage of the substrate.  
 
4.5.3 Substrate temperature 
This is an important parameter that affects not only the deposition rates but also the 
crystallinity and morphology of the deposited films. The VOTP + water chemistry was used 
from room temperature to 300 °C. The deposition rate increased with substrate temperature but 
the Arrhenius plot yielded an activation energy of only 0.14 eV, indicating a mass-transfer 
limited deposition. This is in accordance with the non-uniformity seen in some of the films and 
with the carrier gas flow rates affecting the deposition rate. If the deposition was reaction 
limited, it would just be dependent on temperature and would be uniform across the surface as 
long as the temperature is uniform. Based on the crystallinity and morphology of the films, 200 
°C was found to be the optimum temperature for deposition. Details of the characterization 
results are given in section 4.6. 
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4.5.4 Vertical position of the sample 
As described in section 4.4, the sample platform was a thin sheet of titanium that was 
placed on the bulb. The bulb was itself placed on a platform that stood on four bolts which could 
be turned to adjust the height of the bulb above the base. The base, on which the bolts rested, was 
a wire mesh covering an opening to the gate valve. This allowed the chamber to be pumped as 
well as prevent large particles and wafers from going into the gate valve and the pump. The 
distance of the sample platform from the delivery tube exit could be varied between 2.3 and 4.5 
cms. 
This distance affected the deposition rate and the uniformity of the films. The deposition 
rate was higher at higher positions of the sample. In the case of the VOTP decomposition 
chemistry, deposition at 300 °C was observed only when the sample was placed at the highest 
position; no film deposition was observed at the lowest position. The uniformity, however, was 
better at lower sample positions. The uniformity is quite important for our studies and since only 
very thin films are required, the deposition rate does not need to be high. Thus the lowest 
position of the sample (4.5 cms from the delivery tubes’ exit) was chosen to be used. 
 
4.5.5 Chamber pressure 
The pressure in the chamber was affected significantly by the flow of water vapor from 
the water bubbler to the chamber. A procedure for deposition was developed in which the water 
bubbler is not in steady state. This was done as steady state operation would require continuously 
pumping the water bubbler which would require an extra pump and pumping a lot of water vapor 
is also deleterious for the pump. The deposition was thus not very repeatable initially as the 
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pressure was not controlled well. Several methods were tried to control the water pressure such 
as placing the bubbler in a water bath to minimize temperature fluctuations leading to 
fluctuations in vapor pressure, maintaining a particular level of water in the bubbler, etc. 
However, very repeatable results were not obtained. A method was then devised to regulate the 
pressure in the chamber. When the water bubbler is open to the chamber, the pressure initially 
rises rapidly (to 3 – 5 torr) and then falls gradually. Repeatability was achieved by allowing the 
pressure to fall down to a certain extent (1.6 torr typically; 1.5-1.2 torr in some cases) before 
opening the flow of VOTP into the chamber. Lower pressures generally yielded lower deposition 
rates. Opening / closing the VOTP bubbler did not affect the chamber pressure much as VOTP 
has a much lower vapor pressure.  
Thus, the final chosen conditions were: using the VOTP + water chemistry at 200 °C 
with carrier gas flow rates of 21 and 3-10 sccm through the water and VOTP bubblers 
respectively. The sample was placed at the lowest position to ensure the most uniform films and 
chamber pressure during deposition was 1-1.6 torr. The final developed procedure for deposition 
of V2O5 thin films is given in Appendix A. 
 
4.6 Film deposition and characterization results 
4.6.1 Deposition rate and activation energy 
The thickness of the films was measured by ellipsometry (Rudolph Research AutoEL 
III), with an accuracy of 0.3 nm. Thickness was measured at five points on each specimen – at 
the center and near the midpoint of each edge.  Spatial non-uniformity in thickness was 
quantified as half the range of the five points, normalized by the mean thickness and expressed 
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as a percentage. Typically, a refractive index of 2.3 was assumed and a particular ellipsometer 
program (#211470) was used to measure the thickness. Another program on the ellipsometer 
(#210470) enabled the computation of both the thickness and the refractive index of the films. 
This is possibly less accurate and more computationally intense and was used only for a few 
films. When used on the same areas of a sample, both routines yielded thickness values that were 
very close (< 1 nm difference) and the refractive index estimated by the second program was in 
the range of 2.2 - 2.3. This confirmed the validity of our assumption of a refractive index of 2.3. 
Films were deposited with thicknesses ranging between 5 and 200 nm and temperatures 
between 100 and 300 °C. Growth rates of 10  40 nm/min were obtained, with details depending 
on substrate temperature and carrier gas flow rates. The growth rate is sensitive to the partial 
pressure of water, but no detailed study was made to quantify that relationship. Fig. 4.2 shows an 
Arrhenius plot of the temperature dependence of the rate of deposition.  The effective activation 
energy is quite low, 0.14 eV, but a single line fits all the data. The non-uniformity was found to 
increase with deposition temperature. Table 4.2 shows that all the as-deposited films exhibit high 
spatial uniformity, especially at low deposition temperatures. 
The low activation energy, together with the dependence of the deposition rate on the 
position of the delivery tube, may indicate a gaseous mass transport limitation of the reaction 
rate. This finding contrasts with that of other researchers such as Badot et al.[8], who found a 
decrease in the ALD growth rate at higher temperatures (> 190 °C).  However, these workers 
also showed that the growth rate depended upon VOTP pulse length.  Indeed, experiments with 
continuous precursor flow showed that V2O5 was depositing by thermal decomposition. 
Musschoot et al. [21] reported similar effects in ALD above 200 °C, CVD-like growth 
commencing by thermal VOTP decomposition. 
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In this work, the relative importance of the simple decomposition reaction was assessed 
qualitatively by varying the flux of VOTP at the high end of the temperature range (300 C). 
Although VOTP flux rate arriving at the specimen surface could not be measured on an absolute 
scale, the arriving flux could be increased or decreased on a relative scale by positioning the 
VOTP delivery tube closer to or farther from the specimen. Deposition runs were done with only 
VOTP and no water. At the lowest arriving fluxes, no deposition occurred at all.  But at the 
highest fluxes, film deposition did occur (though at a rate about 40% less than when water was 
present).  This finding differs from the literature reports just described, where the simple 
decomposition reaction could be measured as low as 190-200 ºC. The decomposition reaction 
seems to have been suppressed at those temperatures in our case. We surmise the precursor 
fluxes in those reports were higher than our, although neither our experimental setup nor the 
others could ascertain fluxes directly. 
 
4.6.2 Crystallinity 
Crystallinity was determined by X-ray diffraction (XRD) using a Philips X’Pert 
diffractometer with Cu Kα radiation (0.154 nm wavelength) in glancing angle mode (1). Films 
synthesized at low temperatures were amorphous and those at higher temperature were 
crystalline. The transition occurs between deposition temperatures of 150-180 °C with it mostly 
being close to 180 °C.  
Fig. 4.3 shows the XRD patterns of the as-synthesized V2O5, and Fig. 4.4 shows 
corresponding patterns after annealing at 500 °C in air for 1 hour. Films deposited at 150 °C and 
below are completely amorphous; no peaks appear in XRD. However, peaks grow in upon 
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annealing, thereby converting the material to crystalline V2O5 form. Films deposited at 180 °C 
and above all exhibit at least partial crystallinity characteristic of V2O5. In most cases, annealing 
leads to further crystallization as evidenced by the higher intensity of the X-ray peaks. The films 
exhibit primarily the peak corresponding to the (001) face of V2O5, and in some material this 
peak is the only one. Hence, the V2O5 is oriented with its c-axis perpendicular to the substrate, 
exposing the vanadyl oxygen atoms. This orientation has been observed commonly by other 
synthesis methods [3, 7, 23] and arises because the surface energy of this particular plane is low.  
Cleavage parallel to this plane is easy because the atomic layers are held together by van der 
Waals forces rather than ionic or covalent bonds [1, 24, 25]. Fortunately, this orientation has key 
importance for catalysis and electronic device applications [26, 27].  
Fig. 4.3 shows that films deposited at 250 °C and 300 °C exhibit small peaks  smaller 
than at 200 °C.  Such a decrease with increasing temperature has also been observed by other 
deposition techniques [23]. From these results, 200 °C seems to be the optimum temperature to 
obtain as-deposited crystalline thin films. 
Yet another method to assess the crystallinity of V2O5 samples is testing their solubility 
in water. Amorphous V2O5 dissolves in water, whereas the crystalline material does not [28]. 
Samples deposited at various temperatures were dipped in water for about 5 minutes and then 
removed. Fig.4.5 shows the films before and after dipping in water. The film was completely 
removed on the amorphous samples and it was removed to various degrees on the samples 
synthesized at 180 °C and higher. This method is a very simple test but it does not give us 
information of the crystal planes exposed and the crystallite size, which can be obtained from 
XRD measurements. 
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4.6.3 Surface morphology 
Surface morphology was observed by scanning electron microscopy (SEM) using a 
Hitachi S-4800 scanning electron microscope operating at an acceleration voltage of 15 kV and 
an emission current of 10 μA.  Cross-sectional images confirmed the thicknesses determined by 
the ellipsometer.  
SEM images (Fig. 4.6) show the evolution of morphology with deposition temperature. 
The films deposited at 100 °C and 150 °C are featureless. Such morphology would be expected 
for amorphous material. By contrast, deposition temperatures of 180 °C and 200 °C yield 
material that exhibits the fuzzy outlines of grains 35-40 nm wide, having aspect ratios not far 
from unity. Fig. 4.6 shows that further increases in temperature to 250 °C lead to well-defined 
grains, sized 40-150 nm.  At 300 C, the size increases to 200-600 nm.  
The featurelessness of the SEM micrographs at low temperatures suggests that the films 
are quite smooth. As the temperature rises and grains become evident, the smoothness 
undoubtedly decreases compared to the amorphous films. However, nothing in the SEM 
micrographs suggests a dramatic increase in roughness. The smooth and oriented crystalline 
nature of the films in general could make them especially useful in optical applications where 
high light transmittance with minimal scattering is important [1, 23]. 
Fig. 4.7 shows the effect of annealing (500 C, 1 hour) on microstructure. The films 
synthesized at 100 C develop well-defined crystalline grains 100-400 nm in diameter together 
with scattered voids of comparable size. We surmise that the voids result from residual water that 
remains within the material just after deposition because of the low temperature. Such water is 
known to facilitate the formation of a gel-like material that sometimes leads to delamination [8, 
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14]. We speculate that the alcohol byproduct of Eq. (4.2) could also participate. Annealing at 
higher temperatures would drive off the water (and alcohol), leading to uneven shrinkage and 
voids. Films deposited at 150-200 C also show clear grains after annealing, with sizes 
comparable to those from deposition at 100 C. However, the higher deposition temperatures 
eliminate the voids and lead to more compact and continuous-looking films. Such compactness 
leads to improved electrical resistance for electronics [29]. Deposition at temperatures of 250 C 
and above leads to a progressive increase in grain size, a shift to higher aspect ratios and a 
decrease in apparent compactness. 
CVD in the 180-200 C range allows the synthesis of partially crystalline films that could 
provide advantages of both crystalline and amorphous material. For example, visual inspection 
of the grain sizes in Figs. 4.7c and 4.7d (180 and 200 ºC) suggests that the width of the grain size 
distribution is modest (perhaps a factor of two or so) – certainly more narrow than that of films 
grown at higher temperature (Figs. 4.7e and especially 4.7f). A modest size distribution hints at a 
nucleation process reminiscent of hemispherical grained silicon, which is a partly crystallized, 
high-surface-area form of thin-film silicon that has found use in electrodes for memory devices 
[30]. Amorphous silicon grown near the crystallization temperature yields “medium range order” 
[31] which is a special atomic configuration within certain amorphous semiconductors. The 
atoms are arranged into topologically crystalline grains, roughly 1 nm in diameter, that are 
severely strained and therefore do not produce coherent diffraction or sharp Raman peaks. These 
grains can be thought of as subcritical nuclei for the growth of crystallites. Upon the start of 
annealing, grains grow at similar rates from the subcritical nuclei, leading to a rather narrow size 
distribution. There also is evidence for medium range order in CVD-grown TiO2 [32] that can be 
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exploited for directed self-assembly.  The present work hints that medium range order may exist 
in suitably prepared V2O5 as well.  
 
4.6.4 Chemical composition 
Chemical composition was determined by X-ray Photoelectron Spectroscopy (XPS) 
using a Physical Electronics PHI 5400 spectrometer with an Mg Kα source.  Depth profiling was 
accomplished by sputtering with argon.  
Table 4.3 shows the elemental composition of the deposited films determined by XPS. 
The data are not reliable for stoichiometry determination, as both the X-ray beam and the Ar ions 
induce spurious oxygen loss from V2O5 [21, 33]. However, the data are helpful in showing that 
carbon remains below the detection limit. The unmeasureably low degree of carbon 
contamination is beneficial for many applications, and probably results from two factors. First, 
the deposition temperature and pressures are low enough to suppress the simple decomposition 
of VOTP. Second, the reaction chemistry as shown in Eq. (4.2) is “neat,” meaning that hydrogen 
atoms ultimately transfer stoichiometrically from water to the isopropyl ligands in the VOTP 
reactants to form isopropanol (Fig. 4.8). There is no need to cleave carbon-carbon bonds in this 
reaction mechanism; such C-C cleavage typically leads to carbon contamination.  
Fig. 4.8 shows schematically an intermediate step that is required for this reaction.  
Initially, each isopropyl ligand on adsorbed VOTP abstracts a hydrogen atom from a distinct 
water molecule to form a molecule of isopropanol and an OH fragment that remains associated 
with V=O.  When all three ligands on a VOTP molecule react this way, an intermediate adsorbed 
V-containing product results that nominally has the formula VO4H3.  Whether such an 
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intermediate species exists with this formula in the adsorbed state is unknown, but the state 
offers a convenient construct for chemical accounting.  Two such intermediate “molecules” 
subsequently decompose to yield V2O5 and three water molecules.  Thus, six water molecules 
serve as reactants and three appear as products, to yield the overall stoichiometry given in Eq. 
(4.2).  
 
4.7 Mechanism for crystallization at low temperatures 
As mentioned in the Introduction, CVD (or ALD) of crystalline V2O5 at 200 C or below 
has not been reported previously in the literature. In fact, significantly higher temperatures for 
deposition and/or post-deposition annealing have been required. It is natural to ask why the 
VOTP + water chemistry decreases the temperature required for crystallinity. Crystallization at 
200 ºC has been observed via other methods such as evaporation [28] and pulsed laser deposition 
(PLD) [34]. In the latter case, it was speculated that the enhanced kinetic energy of the incoming 
species enhanced crystallization. However, Michailovits et al. [28] explained the higher 
crystallization temperatures of their CVD films grown using VOCl3 and water  in terms of water 
bonded within the V2O5 structure, and that explanation is consistent with the results of the 
present work. 
In particular, Ref. [28] cites a parallel study in that laboratory [35] in which hydrated 
amorphous V2O5 was prepared by quenching molten V2O5 in water.  Subsequent characterization 
of that material by thermogravimetry and differential thermal analysis (DTA) showed evolution 
of water in a broad peak centered near 90 ±10 C), and a narrower peak centered near 280 ± 20 
C.  Crystallization did not occur until 300 C after all the water had volatilized.  The exact 
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chemical state of the water within the amorphous V2O5 matrix was not determined, but the 
evolution near 280 C suggests a significant chemical interaction via hydrogen bonding or water 
dissociation into hydroxyls.  Such water evidently hinders the nucleation and/or growth of 
crystallites within the amorphous material. 
We surmise that the degree of this hindrance depends upon the amount of water 
incorporated.  Substantial sample-to-sample variation was observed in the quenched material of 
Michaud et al. [35], for example, consistent with the variable details of quenching history.  Films 
synthesized by Szorenyi et al. [36] via CVD at room temperature from VOCl3 and water 
crystallized at lower temperatures near 240 ºC.  DTA and infrared spectroscopy of those films 
showed the presence of water in the as-deposited material, which was evolved at about 100 ºC. 
In the present work with VOTP and water, the “neat” chemistry described by Eq. (4.2) consumes 
water and produces isopropyl alcohol with no oxygenated molecular fragments left behind in the 
solid.  Such chemistry, combined with deposition temperatures (180-200 ºC) well over the 100 
ºC DTA peak [36] should help to inhibit water incorporation and thereby promote more effective 
crystallization.   
The existence of a DTA peak near 280 C [35] suggests that small amounts of water 
could still be incorporated in such films, however.  Indeed, the 180-200 C films described here 
do not appear to be entirely crystalline.   PLD films grown at similar temperatures in the absence 
of water [34] appear to exhibit a higher degree of crystallinity (as evidenced by a qualitative 
comparison of XRD data).  
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4.8 Deposition on other substrates 
The CVD process was extended to deposition on thermal oxide layers on Si(100), ALD 
TiO2 films on Si(100), glass and stainless steel substrates. The deposition rates were similar on 
all these, again indicating a mass-transfer limited deposition. The depositions were carried out 
for testing the applicability of the CVD V2O5 films in specific applications. The important 
substrate for our catalytic studies is the ALD TiO2 film on Si(100). Growth on thermal oxide was 
done to provide an insulating substrate for electrical measurements. Growth on glass was carried 
out for obtaining the color of the films and hence the extent of reduction of vanadium in those. 
These films were also intended for optical characterization of the films. Deposition on stainless 
steel substrates was carried out to test the suitability of the films for use in cathodes of lithium 
ion batteries. Detailed characterization of these films will be done by future graduate and 
undergraduate researchers. 
 
4.9 Conclusion 
A CVD process for the deposition of amorphous and crystalline V2O5 thin films with no 
measurable carbon contamination has been developed, using VOTP and water as gaseous 
precursors. Smooth films containing nano-crystalline, (001)-oriented V2O5 were synthesized at 
temperatures as low as 180 °C. The “neat” chemistry nominally leaves behind no molecular 
fragments of ligands or water in the solid, thereby eliminating pathways for the incorporation of 
carbon or water into the solid.  The removal of water (which inhibits crystallization) is especially 
helpful for promoting crystallinity.  The synthesis temperature of 200 °C was found to be the 
optimum for the growth of nano-crystalline V2O5 to be used for catalysis.  
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This CVD-based method offers compatibility with the high throughput requirements of 
manufacturing processes, as well as potentially good conformality with little substrate damage.  
Thus, in addition to existing uses of thin-film V2O5 in catalysts, electronic devices, optical 
devices and batteries, this method may permit usage on polymer or other fragile substrates. For 
example, substrates based on polyimides and polyethylene terephthalate remain flexible and 
functional at 200 ºC [37, 38].  
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4.10 Tables and Figures 
Table 4.1: Quick comparison of different techniques used to synthesize V2O5 thin films 
 CVD [15] 
Evaporation 
[39] 
Evaporation 
[1] 
PLD [34] 
RF 
Sputtering 
[40] 
DC 
Magnetron 
Sputtering 
[41] 
Precursor VO(OPr)3 V2O5 V2O5 V2O5 V2O5 V2O3 
Substrate 
Temperature 
400-500 
°C 
27-400 °C 300-400 °C 200 °C 
Room 
Temperature 
Room 
Temperature 
Chamber 
Pressure 
(torr) 
10
-3 
10
-5
 10
-7
 10
-1
 10
-2
 10
-2
 
Growth rate 
(nm/min) 
300  246 18 4-7 0.01-0.02 
Other Gases -   
O2 (100 
mtorr) 
Ar-O2 (10 
mtorr) 
O2 / Ar 
Power / 
Energy 
-   
300 mJ 
KrF laser, 
10 Hz 
200 W RF 200 W 
Source-target 
distance 
- 18 cms 7 cms 4 cms 7 cms - 
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Table 4.2: Thickness and surface non-uniformity for as-deposited vanadia 
Growth temperature 
(°C) 
Thickness (nm) 
% Non-
uniformity 
104 38.3 ± 0.1 0.26 
152 83.6 ± 0.4 0.48 
201 141 ± 8 5.67 
247 148 ± 9 6.04 
300 142 ± 13 9.15 
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Table 4.3: Chemical composition of as-deposited vanadia 
Growth temperature 
(°C) 
Atomic concentration (%) 
O:V ratio 
V O C 
103 (surface) 27 59 14 2.2 
103 (bulk) 35 65 0 1.8 
201 (surface) 28 63 9 2.2 
201 (bulk) 38 62 0 1.6 
250 (surface) 26 61 13 2.3 
250 (bulk) 38 62 0 1.6 
300 (surface) 27 64 9 2.4 
300 (bulk) 36 64 0 1.8 
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Fig. 4.1 Schematic of the CVD chamber showing the delivery tubes and the sample platform. 
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Fig. 4.2 Arrhenius plot of growth rate with substrate temperature. Effective activation energy is 
0.14 eV. 
 
 
 
 
 
 
 
 
91 
 
Fig. 4.3 X-ray diffraction patterns at various deposition temperatures. There are no significant 
features in the range of 2Ɵ = 30 – 50. Material deposited at 180 °C and above show a primary 
peak at 2 Ɵ = 20.2 – 20.4 corresponding to the (001) face of V2O5. 
 
 
 
 
92 
 
Fig. 4.4 X-ray diffraction patterns at various deposition temperatures after annealing in air at 500 
°C for 1 hr. All samples are crystalline, with the (001) face of V2O5 being preferentially exposed. 
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Fig 4.5 Testing the solubility in water of V2O5 films deposited at various temperatures. Soluble 
films like the one synthesized at 150 °C are amorphous and insoluble ones like the one 
synthesized at 300 °C are crystalline. Films synthesized at 200 °C are partially crystalline. 
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Fig. 4.6 SEM images of as-deposited vanadia at (a) 100 °C (b) 150 °C (c) 180 °C (d) 200 °C (e) 
250 °C (f) 300 °C 
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Fig. 4.7 SEM images of vanadia deposited at (a) 100 °C (b) 150 °C (c) 180 °C (d) 200 °C (e) 
250 °C (f) 300 °C, all annealed in air at 500 °C for 1 hr.  
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Fig. 4.8 Schematic of reaction (2) showing the “neat” cleavage of VOTP by water 
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Chapter 5: Reactor system design and development for model-catalyst testing 
5.1 Abstract 
 The V2O5 films synthesized on Si(100) and TiO2/Si(100) substrates were tested for their 
catalytic activity in a batch reactor connected to a quadrupole mass-spectrometer for rate 
measurements. The details of the experimental setup are provided in this chapter. Reasons for 
choosing the partial oxidation of methanol to formaldehyde as the test reaction, as well as details 
of the mechanism and kinetics of methanol oxidation, are also presented. 
 
5.2 Introduction 
The thin film catalysts, synthesized as described in the previous chapter, had to be tested 
for their catalytic properties. These model catalysts have very low active surface area as compact 
thin films of V2O5 are deposited on the substrates that are generally 1.5 cm x 2 cm in size. The 
films are also not very rough and thus the effective surface area is almost the same as the 
nominal surface area. Heterogeneous catalytic reactions with all reactants and products in the gas 
phase are well suited for testing such catalysts. Because of the low surface area, reactions were 
decided to be conducted with low pressure of reactants, so that the change in the reactant 
concentrations could be readily observed. Additionally, since the cleanliness of the surface is 
important in such controlled studies, the atmosphere has to be controlled. Typically inert gases 
such as helium or argon are used for testing catalysts in atmospheric pressure. We preferred to 
have the system operate at low pressure and so the chamber was kept under vacuum. This was 
because having less background gas would enable better detection of the reactant and product 
gases. Additionally, a mass-spectrometer was available for the detection of the gases. The details 
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of the reaction chamber and the whole setup are given in section 5.3. Methanol oxidation was 
chosen amongst a few alternatives considered, as the test reaction. The reasons behind the choice 
as well as the reaction mechanism and other details are described in section 5.4. 
 
5.3 Reactor system design 
A schematic / PI diagram of the reactor and flow / measurement systems is shown in Fig. 
5.1. The reactor system consists of the reactor, the gas handling system, the pressure and 
temperature measurement systems and the reaction rate measurement system.  
These various components are described below: 
5.3.1 Reaction chamber 
A simple stainless steel 6-way cross was used as the reaction chamber. On one side each, 
the following were mounted on / connected to the flanges: 
(i) valve leading to the rotary vane pump for pumping down the chamber 
(ii) thermocouple and power feedthroughs 
(iii) capacitance manometer 
(iv) variable leak valve connected to a mass-spectrometer 
(v) gas input lines 
(vi) glass window / stainless steel blank 
The chamber is capable of maintaining ultra-high vacuum (UHV) although such low 
pressures were finally not used. As mentioned in section 5.2, we preferred conducting the 
reactions in vacuum rather than in atmospheric pressure, so that a relatively clean catalyst 
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surface could be maintained. Also, since the catalyst is in the form of a thin film on a silicon 
wafer sample, the surface area available is low (as compared to other tests where particles are 
used) and hence we wanted to introduce low pressures of the reactant gases so that we could see 
significant conversion of the reactants to products in a reasonable time of reaction. Pressures in 
the range of a few torr were chosen and thus it was not necessary to use high vacuum pumps to 
achieve ultra-low base pressures. This also allowed for quicker sample changes and chamber 
pump down, without necessitating the use of a load-lock system. 
The reactor as well as part of the gas handling system was heated by heating tapes to 
prevent much adsorption or condensation of gases on the inner walls of the chamber and the 
tubes. The heating tapes were powered by a variable auto-transformer (Powerstat), connected to 
a normal power outlet.  
 
5.3.1.1 Sample-mount design and sample mounting procedure 
The sample was placed on a sample mount that was fitted on to the copper rods which 
were part of the TC-power feedthrough (MDC Vacuum Products). The sample mount consists of 
blocks of aluminum containing holes for the insertion of the copper rods. An earlier version of 
the sample mount used copper blocks. However, copper oxide forms very easily at the 
temperatures used and the reaction that we chose to study (methanol oxidation) was catalyzed 
more by the copper oxide on the blocks than by the sample and hence conducting blocks had to 
be made using a different material. After a brief research on the activity of various metals and 
their oxides in methanol oxidation, aluminum was found to be a good and inexpensive 
alternative for copper [1]. The aluminum blocks support a rectangular macor plate which has on 
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each side parallel to the copper rods, a pair of tantalum plates on top of it to hold the sample. The 
sample is placed between the tantalum plates that are on top of each other. At the four corners of 
the sample mount, there are bolts that go from the top of the pair of tantalum plates to the bottom 
of the aluminum blocks and through the macor block, serving as electrical contacts / connections 
between the sample and the copper rods. The bolts are tightened after the sample is inserted and 
the resistance between the left and right side bolts is measured using a multimeter. The resistance 
is lowered by progressively tightening the bolts while maintaining uniformity of tightness across 
the four bolts. A resistance of less than 15 ohms was generally considered sufficient. Such an 
electrical connection is made so that the sample can be heated resistively by applying a voltage 
across the copper feedthrough rods. The sample heating was done using a variable DC power 
supply (Mastech Power Supply) in which the voltage and current could be varied. The conflat 
(CF) flange having the copper rods (part of the TC power feedthrough) is bolted to the chamber 
and thus the sample is sealed inside. A picture of the sample mount and feed through is given in 
Fig. 5.2 below. Copper gaskets (MDC Vacuum Products) were used to provide a good seal at the 
flanges. 
 
5.3.2 Gas Handling System 
The gas handling system consists of gas sources, lines to input gases into the reactor and 
vacuum lines and pumps. For the reaction that was studied – methanol oxidation to 
formaldehyde – the necessary source chemicals were methanol and oxygen. Argon was also used 
as an internal standard to facilitate the measurement of reaction kinetics. Oxygen and argon 
cylinders (99.95% pure, S. J. Smith welding supply) were used with double-stage regulators. 
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Teflon tubes and simple ball valves were used for the gas flow and flow control. A part of these 
lines were made of stainless steel, near the reactor. There were two input lines into the chamber 
and one was used for oxygen only. Methanol vapor and argon were delivered through the other 
line and a certain piping arrangement was done before the reactor for that purpose. A four-way 
cross was used with two sides connected to methanol and argon lines, one to the chamber and 
one to the vacuum pump. When either methanol or argon was to be input, the four-way cross was 
first vacuumed and then the methanol vapor or argon was also flown with the vacuum on, for a 
short while, before closing the valve to the vacuum and opening the valve to flow the gas into the 
reactor. This was done to ensure the purity of the chemicals entering the reactor.  The system 
also includes a valve connecting the reactor to a rotary vane vacuum pump (Alcatel) which can 
pump down the chamber to base pressures of 10-30 mtorr. 
 
5.3.2.1 Mass-spectrometer pumping system, its operation and precautions 
A turbomolecular pump (Pfeiffer-Balzers) backed by a rotary vane vacuum pump 
(Alcatel), was used to maintain high / ultra-high vacuum in the mass-spectrometer (Ametek 
Process Instruments, Dycor LC series RGA) chamber. The operation of this system also requires 
good care to ensure good vacuum in the chamber as well as to avoid oil back-flow or oil leaks.  
The system is kept continuously running but had to be vented (or was unintentionally 
vented) in certain situations such as change of pump oil, electrical power failure and vacation 
time (pumps were turned off to save power as well as to avoid any damage due to power failure). 
The rotary vane pump is directly connected to the turbomolecular pump which is in turn directly 
connected to the mass-spectrometer. No vent valves were used in the system.  
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When the system was to be stopped, the turbomolecular pump was turned off first. After 
this, the rotary vane pump was turned off. At this stage, the line from the rotary vane pump to the 
turbomolecular pump must quickly be vented to the atmosphere. This is done by opening a cap 
on the trap on the rough pump containing molecular sieves. If this venting is not done, the lower 
pressure in the turbomolecular pump would make the oil in the rough pump flow back up the 
line. Such back flow occurred sometimes due to the cap not being open properly. This led to oil 
leaking from the system on disconnecting the tube from the rotary vane pump. The back flow 
also causes saturation of the molecular sieves with oil and this could lead to large signals for oil 
vapor in the mass-spectrometer even if it allows for the system to be pumped down to pressures 
low enough for mass-spectrometer operation. The sieves have to be replaced and the stainless 
steel container has to be washed thoroughly with solvents such as acetone to remove all or most 
of the oil. The mass-spectrometer can still show peaks for oil vapor due to the vapor having 
entered the mass-spectrometer line or chamber. To solve this issue, the mass-spectrometer has to 
be baked for sufficient time and then let to run for some time to clear all oil off the walls and the 
filament. The oil vapor signals gradually reduce and finally the mass-spectrum base line returns 
to the standard pressure of about 3*10
-11
 torr. This tedious and time consuming process can be 
avoided by ensuring proper care while turning off the system. 
For starting the system again, the rotary vane pump was first turned on and run for about 
15 minutes to achieve low vacuum in the mass-spectrometer system. Then the turbomolecular 
pump was turned on and it progressively reached higher speeds. The system was then left to 
pump overnight and the mass-spectrometer / sample chamber was baked using heating tapes to 
achieve ultra-low base pressures. If the highest speed was not reached, it indicated leaks in the 
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system or high pressure due to oil vapors and degassing from the filament and walls of the 
chamber if the system was improperly shut down.  
 
5.3.2.2 Methanol input and handling 
Methanol (> 99.8% pure, Sigma Aldrich) was stored in a small glass bottle connected to 
the chamber as well as separated from it by a metering valve. The vacuum (P < 2 torr) in the 
reactor was used to draw the methanol (vapor pressure ~ 143 torr) vapor from the bottle to the 
reactor. Methanol was filled only to about half the volume of the bottle as only so much could be 
handled by the bottle during freeze-thaw cycles that were used to purify the methanol. Higher 
amounts led to cracking of the bottle near its neck. The freeze-thaw cycles were conducted by 
submerging the methanol bottle in a dewar of liquid nitrogen to freeze it followed by pumping 
out the bottle (while continuously being frozen) to remove any gaseous impurities. Then the 
methanol bottle was exposed to room temperature to allow the methanol to thaw. Then the 
procedure was repeated 2-3 times more till the pressure change in the reactor was negligible on 
opening the methanol input valve to the reactor while the methanol was frozen. This purification 
is important as otherwise air or other vapors will also enter the reactor along with methanol and 
the exact partial pressure of methanol will not be known leading to inaccurate estimations of 
reaction rates. As a safety precaution, it is recommended to use a bottle net or other entrapment 
for the methanol bottle to avoid its shattering on implosion due to the vacuum, if it happens.  
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5.3.3 Pressure, temperature measurement system 
For the measurement of pressure, a capacitance manometer (MKS Instruments) was used 
along with a digital readout (PDR-D-1, MKS Instruments). Pressures up to only 11-13 torr could 
be measured and this also restricted, to some extent, the pressures that could be used in the 
reactor.  
The temperature was measured using a type-K thermocouple. Chromel and alumel wires 
(0.01 inch diameter, Omega Engineering) were attached by spot-welding to the thermocouple 
feedthrough rods, near the sample mount. The other ends of the chromel and alumel wires were 
spot-welded to form the thermocouple junction which was made to be within the region of the 
sample mount. When the samples were used, they were placed over the thermocouple junction 
and the spring constant of the thermocouple wires was used to keep the junction pressed on the 
sample, ensuring a good contact. Thermocouple connecters and a multimeter were used to read 
the temperature from the external part of the thermocouple feedthrough. 
 
5.3.4 Reaction kinetics measurement system 
The reaction kinetics was measured by analyzing samples from the reactor at given 
intervals of time in a quadrupole mass-spectrometer. This was done by continuously sending gas 
from the reactor through the leak valve into the sampling chamber of the mass-spectrometer. The 
mass-spectrometer was continuously pumped down to pressures of about 10
-8
 to 10
-6
 torr by the 
turbomolecular pump. Mass-spectrometer readings were taken continuously and the change in 
the signal intensities with time was used to estimate the reaction rate. The quantitative procedure 
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for rate constant estimation, including a model for the reactor and mass-spectrometer system, is 
presented in the next chapter. 
The filament in the mass-spectrometer is a thin tungsten wire. It can handle only up to a 
certain pressure and turns off above that to avoid filament breakage. Thus the extent to which the 
leak valve is opened is important and changes with the pressure range used in the reactor. For 
lower pressures, such as 1 torr, the leak valve should be opened more to ensure that sufficient gas 
enters the mass-spectrometer to obtain a good signal to noise ratio. For higher reaction chamber 
pressures, such as 10 torr, the leak valve should be opened much lesser. Higher pressures in the 
reaction chamber may cause the filament to trip even if the leak valve is opened slightly. 
 
5.3.4.1 Mass-spectrometer handling 
The mass spectrometer is a fragile device and needs to be handled carefully. Particularly, 
there are pins on top of the mass-spectrometer that send out electrical signals and they are sealed 
to the mass-spec chamber via ceramic seals. These seals can break easily if they are struck by 
wrenches or other tools. Thus a lot of care is required while handling the mass-spectrometer. In 
our case, the mass-spectrometer did suffer damages to the ceramic seals. These were fixed using 
a selant for high vacuum applications, Torr-seal (Varian) as well as a liquid high vacuum leak 
sealant, Vacseal, and only after several baking sessions and months of use and tuning, was the 
mass-spectrometer able to output stable, repeatable readings.  
The filament is also very sensitive to the pressure inside the mass-spectrometer chamber. 
There was at least one occasion when the filament was broken and had to be replaced. However, 
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if the pressure limit for auto-turn-off of the filament is set properly and care is taken in ensuring 
that very high pressures are not inlet into the mass-spec, then the filament should remain stable. 
 
5.3.4.2 Mass-spectrometer tuning 
The mass-spectrometer has a number of parameters that need to be adjusted to get proper 
spectra. One of the main parameters that directly affects the collected data is the dwell time. A 
dwell time of at least 250 ms was used in our analog scans in the mass-spec. The minimum was 
established by conducting runs at various values of dwell times and identifying the minimum 
value at which the collected spectrum was stable across a number of cycles (i.e., it was stable 
with time).  
The RF tuning may sometimes fail and can be corrected by using the Auto-Tune function 
of the mass-spectrometer. Few other parameters were adjusted to improve the resolution, and 
sensitivity. This was done by directly changing the related parameters in the Tune Parameters tab 
(under Device Properties) and monitoring the change in the spectrum with change in each 
parameter (see Fig. 5.3). Samples of oxygen and argon were mostly used for such tuning of the 
mass-spectrometer. 
 
5.4 Methanol oxidation as test reaction 
5.4.1 Choice of test reaction 
To test the catalytic activity of the catalysts, several reactions were considered. Primary 
amongst those are the selective catalytic reduction (SCR) of NOx [2], methanol oxidation [3], 
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acetone oxidation [4], isopropanol decomposition [5] and oxidative dehydrogenation (ODH) of 
propane [6]. Based on the number of side reactions, the reaction conditions required, the clarity 
of the mechanism and rate determining step, the toxicity of the chemicals and the ease of 
detection of reactants and products (relevant peaks, non-overlapping of peaks of multiple 
species), the partial oxidation of methanol to formaldehyde was chosen as the test reaction. 
Safety considerations were important and the handling of common solvents like 
methanol, acetone and isopropanol was preferred compared to gases such as NOx, NH3 and 
propane. Additionally, the mechanism of the SCR of NOx and the nature of active sites on the 
catalyst was still debated [2] and the reaction involves three reacting gases (NOx, NH3, O2), 
making detection in the mass-spectrometer as well as the construction of the gas-handling 
system, more complex and expensive. Amongst the other reactions (those involving liquid 
reactants), acetone oxidation and decomposition of isopropanol use 3 carbon reactants which can 
lead to several products and fragments in the mass-spectrometer, making the estimation of 
reaction rates more difficult. On the other hand, methanol is a very simple molecule which does 
not fragment too much and the main products (formaldehyde, carbon oxides, water) also do not 
fragment much. Methanol oxidation on V2O5 is very selective to formaldehyde even at higher 
temperatures and the reaction is typically first order in methanol [3, 7]. These would make easier, 
the rate estimations using the mass-spectrometer. Moreover, methanol oxidation has been 
extensively used as a probe reaction, with the product distribution itself giving an indication of 
the nature of active sites of the catalyst [3]. Thus, methanol oxidation was chosen as the test 
reaction. In Tables 5.1-3, the mass spectrum peaks for the reactants and products of the three 
major reactions considered here are presented (data from [8]). The reactants and major products 
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are in bold font. The mass numbers that can be used to identify each compound are also in bold 
font. These have been chosen carefully to avoid or minimize overlap with other species. 
 
5.4.2 Mechanism 
The oxidation of methanol (see Fig. 5.4) proceeds first by the dissociative adsorption of 
methanol and the formation of methoxy (CH3O on V) and hydroxyl (H with a lattice O) groups 
on the surface of V2O5. The next step is hydrogen abstraction from the adsorbed methoxy group, 
by another lattice oxygen and this has been reported to be the rate limiting step of the reaction 
[3].  
At the end of this step, a formaldehyde molecule is formed, adsorbed on the V2O5 
surface. In the next step, the formaldehyde desorbs. Two hydroxyl groups formed in these steps 
combine to form one oxide ion (replacing one of the two used up lattice O) and water, which 
desorbs, leaving behind an oxygen vacancy. This vacancy is filled up by reduction of oxygen 
adsorbed on the surface from the gas phase. Thus, the lattice oxygen is used up during the 
reaction (catalyst is reduced) and then gas phase oxygen is used to re-oxidize the catalyst. This 
mechanism is popularly known as the Mars van Krevelen mechanism [9, 10]. The overall 
reaction is: 
      (5.1) 
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5.4.3 Kinetics 
The oxidation of methanol to formaldehyde has been reported to be first order in 
methanol and zero order in oxygen, for low conversions. Generally, positive orders have been 
reported for both methanol and oxygen and water, one of the products, has been found to have an 
inhibiting effect [3]. The activation energy for this reaction on V2O5 supported on various oxides 
was found to be ~19.6 Kcal/mol on all. This energy is equal to the bond breaking energy of the 
C-H bond on the adsorbed methoxy group [11]. The rate equation is generally written as [7]: 
                                    (5.2) 
Where Kads represents the CH3OH adsorption on V2O5, krds represents the rate determining 
(limiting) step and PCH3OH is the partial pressure of methanol. In our experiments, oxygen is used 
in excess and so the order in oxygen partial pressure can be taken to be zero [7]. 
The supported catalysts generally studied in the literature are in particulate form and have 
coverage ranging from a fraction of a monolayer to a few monolayers on the support. The V2O5 
films synthesized in this work are mostly about or more than 5 nm thick, i.e. they are composed 
of more than 10 monolayers. There is extensive literature on methanol oxidation on supported 
V2O5 of the former type. However, films just a few monolayers thick are considered to be bulk-
like and so films in the 5-100 nm thickness range have not been studied in detail. We are 
interested in such films as we expect them to be unlike bulk (at least near the lower end of the 
range). We expect the first order rate equation to hold for these thin films also. 
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5.5 Tables and Figures 
 
Table 5.1: Mass-spectrum peaks for the reactants and possible products of methanol oxidation 
Product Mass Peaks 
Formaldehyde (Main product @ Low Conversion) 28, 29*, 30 
Dimethoxymethane 14, 15, 29, 31, 45,75 
Methyl formate 15, (28), (30), 29, 31*, 32, 60 
Carbon monoxide (12), 28* 
Carbon dioxide (Main product @ High Conversion) (12), (16), (28), 44* 
Formic Acid (16), 17, 28, 29*, 44, 45, 46 
Dimethyl Ether 15, 29, 45*, 46 
Methanol 15, (28),29, (30), 31*, 32, 
Oxygen 32*, 16 
Hemimethylal 61 
Methylal 75 (45) 
 
 
* - most intense peak for that species 
 
Numbers in parentheses correspond to mass numbers of very low peak intensities 
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Table 5.2: Mass-spectrum peaks for the reactants and possible products of acetone oxidation 
 
Product Mass Peaks 
Acetaldehyde (14), 15, (16), 29*, 42, 43, 44 
Acetic Acid (15), (29), (42), 41*, 43, 60 
Methanol 15, (29),28, (30), 31*, 32 
CO (12), 28* 
CO2 (12), (16), (28), 44* 
Formaldehyde 28, 29, 30 
Formic Acid (16), 17, 28, 29*, 44, 45, 46 
Oxygen 32*, 16 
Acetone (15), (42), 41*, 58 
 
 
* - most intense peak for that species 
 
Numbers in parentheses correspond to mass numbers of very low peak intensities 
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Table 5.3: Mass-spectrum peaks for the reactants and possible products of isopropanol 
degradation 
 
Product Mass Peaks 
Propane (15), (26), 27, 28, 29*, 40, 41, 43, 44 
Propylene (26), 27, (37), 38, 39, 40, 41*, 42 
Acetone (15), (42), 43*, 58 
IPA (15), (19), (27), (29), (31), (39), (41), 43, 45* 
 
 
* - most intense peak for that species 
  
Numbers in parentheses correspond to mass numbers of very low peak intensities 
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Fig. 5.1 A schematic of the reaction chamber with the gas handling system. The reactor is 
maintained at low vacuum in stand-by conditions (< 30 mtorr base pressure). 
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Fig. 5.2 Pictures of the sample mount used in the reaction chamber. (a) Image showing the flange 
and the TC-Power feed-through. (b) Front side of the sample mount showing the Ta clips, bolts, 
nuts and the thermocouple junction. The white slab is the macor sheet. (c) Back-side of the 
sample mount showing the aluminum blocks connected to the copper rods. 
 
  
 
 
(c) 
(b) 
(a) 
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Fig. 5.3 A screenshot of the mass-spectrometer software showing the Device Properties window 
and the Tune Parameters tab. 
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Fig. 5.4 (a) Mechanism of oxidation of methanol to formaldehyde on a Vandium oxide surface. 
A lattice oxygen is consumed in the process when two -O-H groups combine to produce water. 
(b) Reoxidation of the surface by gas phase oxygen; this completes the catalytic cycle and 
regenerates the catalyst. 
(a)   
(b)     
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Chapter 6: Catalyst testing and characterization 
6.1 Abstract 
In this chapter, the results of the testing of supported V2O5 thin film catalysts for their 
activity in methanol oxidation are presented. The major reaction studies were conducted in semi-
batch mode at a total pressure of ~2 torr. A method was developed to estimate the rate constant 
from mass-spectra of gas samples from the reactor. V2O5 supported on TiO2 showed variation in 
rate with V2O5 thickness opposite to that shown by V2O5 supported on silicon (100) with native 
oxide, clearly showing the influence of the support on the reaction. Surface potential values of 
the reacted samples were also measured by Scanning Kelvin Probe Microscopy. The trends of 
the variation of both the surface potential and the rate constant with the thickness of the V2O5 
layer on TiO2 match with the trends predicted. Results of post-reaction structural characterization 
of the catalysts are also presented to support the observed trends. 
 
6.2 Introduction 
 The catalyst testing was conducted at low total pressures to keep the catalysts clean as 
well as to observe sufficient change in reactant concentration in a reasonable time. While 
different total pressures were tested, a total pressure of ~2 torr worked the best. This pressure 
was high enough to keep the base chamber pressure at 1% or less of the operating pressure. The 
pressure was also not too high and enabled the leak valve to be opened comfortably without 
flooding the mass-spectrometer. At this total pressure, a good conversion (10 – 90 % depending 
on the reaction temperature) of methanol could be seen in a reaction time of about 30 minutes. 
On all the catalysts, reactions were conducted at various temperatures to obtain the Arrhenius 
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plots for each. Most samples showed conversion greater than 10% for temperatures of 290 °C 
and above. The upper limit of the temperature range was decided by the rate of the reaction. If 
the reaction is too fast, then it goes to completion within 5 minutes, which is too short for 
measuring the rate. The upper limit of temperature is that temperature at which the reaction goes 
to completion in about 15 minutes. The heating system can heat the samples to over 500 °C; 
most reactions had a temperature upper limit of 350 °C.  
The reaction was done in a semi-batch mode – with an initial charge and continuous 
removal of gas samples from the chamber to the mass-spectrometer for analysis.  The initial 
charge consisted of 0.5 torr methanol, 1 torr oxygen and 0.5 torr argon. Oxygen was thus used 4 
times of its stoichiometric amount to ensure that it would be in excess and the first order rate 
expression for methanol oxidation could be used. It was also observed that researchers [1-3] have 
used this ratio of oxygen to methanol (2:1) in their methanol oxidation studies. Argon was used 
as a tracer gas to enable the calculation of the gas composition from the mass-spectra, as will be 
described in section 6.4. 
 
6.3 Experimental procedure 
 The catalyst sample is fitted on to the sample mount, which is then attached to the 
reaction chamber. The chamber is first pumped down to base pressures of about 20 mtorr. Then 
all exits from the chamber are closed and the sample is heated to 100 °C. The reactants (0.5 torr 
methanol, 1 torr oxygen) and tracer gas (0.5 torr argon) are then input, after which the leak valve 
to the mass-spectrometer is opened. This leak valve is left open till the end of the reaction time 
and the gas in the reaction chamber is thus continuously analyzed by the mass-spectrometer. An 
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initial spectrum is collected with the sample at 100 °C. The sample temperature is then raised to 
the desired reaction temperature. The mass-spectrometer scans are conducted typically in the m/z 
range of 26 – 46 where the peaks of all important species lie. Each scan is recorded and the time 
at the end of each scan (starting with 0 for the first scan at reaction temperature) is also recorded. 
A sample mass-spectrum during a reaction is shown in Fig. 6.1. The total pressure at the end of 
each scan, as read from the capacitance manometer, is also noted. The scans are collected for 
about 15 – 16 cycles or till the completion of the reaction, whichever occurs first.  At the end of 
the reaction monitoring, the sample temperature is again lowered to less than 100 °C, after which 
the chamber is again pumped down.  
The sample tends to get reduced due to the oxidation reaction, even in spite of excess 
oxygen being used. This reduction is due to the low pressures and high temperatures being used, 
which can affect the equilibrium composition of oxygen in the sample [4]. Thus, at the end of 
each run and before the first run, the sample is reoxidized by heating it in 10 psig O2 at 350 °C 
for 30 minutes. This reoxidation would ensure that the sample (even morphologically, apart from 
chemically) remains the same at the beginning of each run. Such a large amount of O2 is used to 
ensure that the sample is fully oxidized or almost fully oxidized. Optimization of the amount of 
O2 used can be done but was not attempted here in the interest of time. Moreover, the chamber is 
very small (~0.5 L) and thus the amount of oxygen consumed is very little; so optimization was 
not critical.  
After oxidation, the sample should first be cooled to less than 100 °C before pumping 
down the chamber; pumping down before cooling will again reduce the V2O5. The chamber is 
then ready for the next reaction run. At the end of all reaction runs on a sample, the sample is 
oxidized and then removed from the chamber. 
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6.4 Estimation of reaction rate constant from mass-spectra 
 The mass-spectra collected throughout the reaction are saved as data files having mass 
numbers and corresponding intensity. The peak values for methanol (m/z = 31) and argon (m/z = 
40) at various times are extracted from the data, and the ratio of methanol to argon peak 
intensities is calculated. This ratio is linearly related to the ratio of partial pressures of methanol 
and argon in the chamber and the relation is obtained by calibration experiments as described 
below in section 6.4.1. 
 
6.4.1 Calibration of the mass-spectrometer 
 At regular intervals of time, the mass-spectrometer is calibrated for quantitative accuracy. 
In the calibration experiments, known amounts of methanol and argon are input into the reactor 
and the mass-spectrum of the reactor gas sample is collected. This calibration is done for a few 
(4 to 5) ratios of methanol to argon partial pressures. The ratio of partial pressures is plotted 
against the ratio of peak intensities of methanol and argon. A linear trend is usually obtained and 
a straight line is fitted, as shown in Fig. 6.2. The equation is written as: 
                                                  (6.1) 
where PMeOH and PAr refer to the methanol and argon partial pressures respectively, S31 and S40 
are the peak signal intensities at m/z values of 31 and 40 corresponding to methanol and argon. 
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6.4.2 Estimation of methanol partial pressure 
 The S31/S40 ratio from the collected data is used to estimate the methanol partial pressure 
in the reactor as a function of time. This estimation is done by calculating PMeOH/PAr using Eq. 
(6.1) at each time step and multiplying it by the pressure of argon at that time. The argon mole 
fraction remains almost a constant in the reactor as it is inert and the total pressure in the reactor 
does not change much. Thus, at any time, the partial pressure of argon, PAr(t) is given by: 
                                               (6.2) 
where the subscript ‘in’ refers to the initial time of charging of the reactor with reactants, with 
the sample at 100 °C. P(t) is the total pressure in the reactor at time t, as read from the 
capacitance manometer. 
                        (6.3) 
 
6.4.3 Model for the reactor and estimation of rate constant 
 If the system were just a batch reactor, from the methanol pressure at various times alone, 
the first order rate constant could easily be estimated. However, the continuous flow of gas from 
the reactor to the mass-spectrometer is non-trivial and must be included while modeling the 
reactor – mass spectrometer system. The system is simply modeled as below: 
                                                 (6.4) 
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where dPMeOH/dt refers to the rate of change of methanol pressure in the chamber and L is the 
leak rate (change in measured total reactor pressure divided by time), which is found to be 
mostly constant during the reaction run.  
The methanol in the chamber is consumed due to the reaction (kPMeOH) and is also 
removed through the leak valve (leak rate*pressure-fraction of methanol). Integrating, and using 
appropriate initial conditions (at t = 0, P = P(0); PMeOH = PMeOH(0)), we get:  
                                                                   (6.5) 
where, k is the first order rate constant for the oxidation of methanol to formaldehyde. t = 0 
corresponds to the first measurement at reaction temperature. 
The ratio  is plotted as a function of time. An exponential curve is fit 
to the data; the prefactor must be close to 1. Then the value of the coefficient of t in the 
exponent, is the first order rate constant of the reaction, as per Eq. (6.5). A sample plot is shown 
in Fig. 6.3. 
 
6.5 Results 
 The rate constant values for each sample were obtained at different temperatures and 
were plotted in an Arrhenius plot (Fig. 6.4). Using the parameter values in the Arrhenius plot of 
the data, the reaction rate constant at 300 °C was calculated for each sample. These values were 
compared across different samples. This procedure was done on all the samples rather than just 
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measuring the rates at 300 °C to allow for better confidence in the data and to make the 
measurements more rigorous. 
 
6.5.1 Effect of V2O5 thickness on Si (100) 
 Samples of V2O5 grown on n-type silicon (100) substrates with native oxide were first 
studied in the reactor to check if supporting on silicon affects the V2O5. Moreover, as in the case 
of the chemical vapor deposition process, V2O5 films on silicon substrates were used to develop 
the reaction chamber as well as the protocols for testing of catalytic activity. No interaction was 
expected between the silicon and V2O5, especially due to the presence of the insulating native 
oxide layer. Thus, no variation with V2O5 thickness was expected. However, it was found that 
the rate constant value increased with thickness up till a thickness of about 40 nm V2O5, beyond 
which it remained constant, as shown in Fig. 6.5. 
 We surmise that the observed trend is due to lack of full coverage of the Si substrate at 
low thickness values of V2O5. Beyond 30-40 nm, the coverage of vanadia is usually very high 
and almost full. However, at lower thickness values, the coverage is more likely to be 
incomplete. Moreover, due to the repeated heating and cooling during the reaction studies, the 
films can agglomerate or form into particles (Fig. 6.6), especially when the films are very thin (~ 
5 nm). The coverage can be expected to be proportional to the deposition time as longer times of 
deposition increase the probability of a certain surface area to be covered with the material to be 
deposited. The deposition time directly affects the thickness of the film, in a linear way and thus 
a linear variation between coverage and thickness is expected at low thickness values. 
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 The rate constant value measured is normalized by the nominal surface area of the 
samples. Thus it is more of an overall measure of the catalytic activity than the strength of a 
catalytic site, which can be measured more precisely using the measure of turn-over frequency 
(TOF). It is the TOF that is expected to be constant with thickness of the V2O5 film. The overall 
rate is a product of the TOF and the total number of sites (which is directly and linearly 
proportional to the coverage). Thus a linear variation between overall rate constant and coverage, 
or thickness, can be expected at low thickness values. Since the coverage is almost full and does 
not change much beyond a certain thickness (~40 nm), the total number of surface sites is 
constant and thus the overall rate constant does not change much with thickness. 
 SEM scans were done on some of the reacted samples to verify our hypothesis. The 
coverage was not quantitatively calculated, but the SEM images (Fig. 6.6) do show that the 
uncovered (darker regions) fraction of the sample decreases with thickness. In some cases, such 
as the sample NNK 582, the surface is highly covered even if the thickness is below 40 nm. In 
these cases, higher rate constant values are also obtained, confirming our hypothesis. Also, since 
the coverage is so variable at lower thicknesses, there is some scatter in the plotted data though 
an overall trend is clear. 
 Also, samples of V2O5 were grown on p-type silicon to check for effects of the silicon 
doping on the V2O5 and to check if the native oxide layer permitted the effect of the silicon to 
flow through to the V2O5 surface. However, the p-Si wafers that were available were of higher 
resistivity and the resistance of the samples could not be lowered much while mounting them. 
Thus they could not be heated well and the catalytic activity could not be tested. However, this is 
certainly an easy way to show the effect of substrate doping – by using silicon wafers doped 
different types and to different extents. The V2O5 / n-Si system (n-n heterojunction) is relatively 
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easier to model and is similar to the V2O5 / TiO2 system. The V2O5 / p-Si system (n-p 
heterojunction) is less straightforward as though Si is the p-type material in this system, it will 
mostly have a lower work function as compared to V2O5. Thus electrons are likely to flow out of 
it into V2O5, creating accumulation regions in both materials. The details (such as the estimation 
of interfacial band-bending values) of such a case have not been investigated yet in this project 
but can be done in future studies focusing on those. HF etching of the silicon substrate just prior 
to V2O5 deposition will remove the native oxide and will better allow the effect of the substrate 
to reach the V2O5 layer. 
 
6.5.2 Effect of V2O5 thickness in V2O5/TiO2/Si samples 
 Based on the concepts and models developed in chapters 2 and 3 of this thesis, it was 
expected that the rate constant would decrease with V2O5 thickness on the TiO2 layer. Since an 
accumulation region forms in V2O5 when supported on TiO2, the space charge region was 
expected to be very thin and bulk-like catalytic activity was expected to be obtained at V2O5 
thicknesses around 40 nm. V2O5 films of thicknesses 5 to 60 nm were thus deposited on TiO2 
films for testing their catalytic activity. The TiO2 films were deposited by another graduate 
student in the group, using procedures developed by a previous group member [5]. The TiO2 
films had been found to possess unusual properties such as variation of carrier concentration with 
time and even with film thickness. Thus it was necessary to choose a particular thickness of TiO2 
for these studies. Since 100 nm thick films of TiO2 had been most investigated and characterized, 
such films were chosen as the substrates. Thicker TiO2 films can support larger band-bending 
and would have been preferred. However, thicker films have lower carrier concentrations while 
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higher carrier concentrations are preferred for the test reaction of methanol oxidation. Also, films 
thinner than 100 nm had not been characterized well, and thus the thickness of 100 nm was 
chosen. 
 The reaction studies showed that the rate constant does indeed decrease with V2O5 
thickness on the TiO2 layer, as shown in Fig. 6.7. The catalysts with 5 nm of V2O5 on TiO2 are, 
however, less reactive. This anomaly could reflect the predominance of the effect of vanadia 
coverage over that of the nominal thickness. As discussed in the case of V2O5 deposited on 
silicon, the coverage of V2O5 on the TiO2 decreases dramatically as the V2O5 becomes thinner. 
Figs. 6.8 - 6.13 show SEM images that illustrate this behavior. The images were obtained after 
kinetic rate measurements were made.  At 3 nm nominal thickness (Fig. 6.8), the vanadia covers 
<10% of the TiO2 substrate with prismatic-looking particles.  The distribution of particles also 
varies substantially over a 2-3 m length scale.  At 5 nm nominal thickness (Fig. 6.9), this 
uneven distribution persists.  But the particles become less prismatic, and more importantly, the 
coverage of the substrate increases to roughly 30%. Thus, a film that nominally contains only 60-
70% more material increases the coverage by a factor of three. Clearly the decrease in available 
reaction area at 5 nm could outweigh the increase in specific reactivity (per unit area) that the 
heterojunction effect may induce at this thickness.  Fortunately, at higher thicknesses (9 nm and 
above, Figs. 6.10 – 6.13), the vanadia coverage was always 80-100%, meaning that no 
substantial artifacts should arrive from agglomeration.    
The thicknesses were measured by ellipsometry, which works well for films that 
completely cover the substrate. The validity of ellipsometry’s use for films with low coverage 
was not researched here. However, the ellipsometer measurements did seem to match (within 1-2 
nm) the expected thicknesses based on deposition conditions and deposition time. Curiously, this 
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ad hoc use of ellipsometry did not work as well when the underlying TiO2 films were thicker.  
For TiO2 films 200 nm thick, for example (instead of the 100 nm employed in the kinetic data of 
Fig. 6.7), deposition conditions set to produce 5 nm vanadia films instead yielded ellipsometry 
readings of 142-149 nm. 
The SEM data for 5 nm and 21 nm V2O5 in Figs. 6.9 and 6.12 illustrate the run-to-run 
variability in the vanadia particle shape, spatial distribution and (at 5 nm) coverage. In the case 
of the 5 nm samples, the grains are concentrated in some areas of the samples (Figs. 6.9 (a),(b)) 
while they are more uniformly distributed in the other samples (Figs. 6.9 (c) to (i)). The aspect 
ratios of the grains varies from 1 (Fig. 6.9 (h)) to around 10 (Fig. 6.9 (i)) across these films. The 
width of the grains also varies from 40 – 100 nm. The coverage is about 30% in most of the 
samples. In the case of the 21 nm samples (Figs. 6.12 (a),(c)), there is some difference in the 
packing density of the grains between the two samples. However, the difference in coverage due 
to that is very moderate (~5%). The aspect ratios of the grains are about the same in both 
samples. Correspondingly, the error bar on the kinetic data for 5 nm in Fig. 6.7 is also larger than 
those of the thicker films. These variations result from unknown and uncontrolled factors in the 
vanadia deposition process and subsequent reaction measurements, and possibly in the initial 
TiO2 deposition step as well.  Specimen positioning and temperature during vanadia deposition 
could not be replicated with precision (~ 5 mm variability in position and ~5 °C variation in 
temperature.  But sample positioning would not affect particle distribution on a length scale of 2-
3 m.  And the modest variability in temperature, would probably exert effect only during 
particle nucleation, which is often very temperature sensitive in CVD processes in general.  
Factors that probably have greater influence include aspects of the TiO2 surface  especially the 
133 
 
presence of small amounts of surface contamination or small variations in microstructure of the 
substrate.    
During kinetic measurements, the thinner films sometimes agglomerated into particles 
even if they had been deposited as smooth films (Fig. 6.14). However, the agglomeration took 
place on a time scale that was short compared to the length of each kinetic experiment, so we do 
not believe that agglomeration kinetics affected the reaction rate kinetics.  And in any case, the 
kinetic results of Fig. 6.7 and the SEM results shown in Figs. 6.8 – 6.13 all reflect completed 
agglomeration processes and are directly comparable. 
The variation in the rate with V2O5 film thickness is monotonic for thicknesses of V2O5 
above 5 nm, and amounts to about a factor of 11. The steep decrease of rate in the vicinity of 10 
nm V2O5 thickness was qualitatively expected from the model. A quantitative comparison of the 
experimental data with the model predictions is presented in the next chapter. 
 
6.5.3 Effect of TiO2 carrier concentration in V2O5 / TiO2 / Si samples 
 The TiO2 carrier concentration is varied simply by changing the TiO2 film thickness. For 
the TiO2 material synthesized in this lab, the relation between the carrier concentration and film 
thickness was found to be as shown in Fig. 6.15 [5]. 3 – 4 nm thick films of V2O5 were deposited 
on TiO2 films of various thicknesses (25 nm to over 200 nm). These films showed about the 
same rate constant values, indicating that the TiO2 thickness – which is a measure of the carrier 
concentration – did not affect the V2O5 much. Another set of V2O5 films 2 – 3 nm thick on TiO2 
films of various thicknesses also did not show much difference in rate constants amongst 
themselves but the set as a whole had higher rate constants than the first set, again showing that 
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thinner V2O5 films on TiO2 are more active (Fig. 6.16). The lack of variation in reaction rate with 
the carrier concentration in TiO2 (in the tested range) is also as expected from our simulations 
(Fig. 7.4) as will be discussed in the next chapter. Essentially, a carrier concentration change in 
the substrate of about two orders of magnitude (10
16
 – 1018 cm-3) is possible by changing the 
TiO2 thickness in the range of 25 – 200 nm. However, it requires V2O5 films that are only 1 – 2 
nm thick to be able to observe the effect of the substrate. Beyond that thickness, although the 
change in the V2O5 film thickness does affect the catalytic activity, there is not much difference 
in band bending (see Fig. 2.4) and hence in reaction rate constants between V2O5 films of a 
particular thickness on TiO2 films in the above stated range of carrier concentrations. This 
behavior was predicted in Chapter 2 of this thesis.  
Films of V2O5 1 – 2 nm (2 to 5 monolayers) thick are very hard to synthesize in a 
controlled and repeatable way by our CVD process. Moreover, the coverage will be very low (as 
shown in Fig. 6.8 for 2 – 3 nm films) and variable leading to low and variable activity, as was 
observed for even 5 nm thick films (discussed in section 6.5.2). Even the films that were 2 – 3 
nm thick were deposited under conditions where films of thickness around 4 nm were expected. 
Thus films of thickness 1 – 2 nm could not be synthesized and tested reliably. As a result, a large 
effect of the carrier concentration of the TiO2 substrate on the activity of the V2O5 overlayers 
could not be observed. However, such an effect can be observed if methods are developed for the 
epitaxial growth of V2O5. 
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6.5.4 Surface potential measurements 
 Selected samples were studied by scanning kelvin probe microscopy (SKPM) using 
Asylum Research MFP-3D atomic force microscopes. Silicon AFM Probes (Budget Sensors) 
with Cr/Pt conductive coating and a resonant frequency of 75 kHz were used for the 
measurements. It was found that the logarithm of the rate constant values was linearly related to 
the surface potential values for the measured samples, as shown in Fig. 6.17. The surface 
potential is related to the work function and the Fermi level. In this case, when measured using 
SKPM, the potential values are relative to the tip used. However, tips may need to be changed 
between sessions or during a session and so a particular sample was always used as a reference 
sample. The surface potential values of other samples have been made relative to the surface 
potential of the reference sample. Thus the potential values on the abscissa of the graph are 
relative potentials, which are also then the relative work functions (work function differences) or 
relative Fermi level positions. The magnitude of the slope will remain the same if the abscissa is 
converted to absolute values of work function or Fermi energy level.  
The linear relation between the logarithm of rate constant and surface potential is in 
agreement with Eq. (3.10) of this thesis, thereby confirming that part of the theory. The slope of 
the line is -6.957, yielding a value of -1.313 for λ. For comparison, there is only one report [10] 
in the literature that we are aware of with values of catalytic activity and work function / surface 
potential of vanadia catalysts. From the data presented there, we have calculated the value of λ to 
be -0.45 for the oxidative dehydrogenation of propane on catalysts containing a monolayer of 
vanadia supported on variously doped TiO2. The value of λ obtained by us is almost 3 times 
higher, and the difference is possibly due to three main factors: 
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(i) The reaction studied by us is methanol oxidation, and due to methanol being a 
more polar molecule than propane, it can induce greater extent of charge 
separation or ionicity in the vanadia catalyst, leading to larger λ values. 
(ii) The surface potential measurements were done at room temperature whereas the 
rate constant values are for reaction at 300 °C. In the data from literature, the rate 
values at 280 °C and surface potential values at 300 °C were correlated. The 
surface potential differences can increase with temperature. Data from 
Grzybowska et al. [10] shows a factor of 2-3 increase in surface potential 
differences between pairs of samples TiO2 particles doped with various ions, on 
raising the temperature from 50 °C to 300 °C. Such effect could result from 
temperature-dependent coverage of an adsorbate whose identity is not known 
now.  
(iii) Under reaction conditions, the surface also contains chemisorbed methanol. 
Methanol coverage on V2O5 is very low at low temperatures (< 100 °C) and thus 
when we relate surface potential values measured under ambient conditions to 
reaction rates at high temperatures, the λ obtained will account for the effect of 
temperature on coverage also and thus be higher. 
The surface potential as a function of the V2O5 thickness on TiO2 is plotted in Fig. 6.18 for the 
few samples characterized. The trend qualitatively matches what was predicted by the 
heterojunction model – the potential becomes more positive with V2O5 thickness as thicker films 
are less electron rich at the surface. However, comparing with the simulation results of chapter 2 
(Fig. 2.4, curve for Nd TiO2 = 10
17
 cm
-3
), it is observed that the measured relative surface 
potentials are larger (in magnitude) than expected for samples with 5 nm and 21 nm thick films 
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of V2O5 on TiO2. Such change in potential as compared to thicker films is not expected 
especially for the 21 nm film, the surface which is quite distant from the interface compared to 
typical accumulation region thicknesses.  It thus seems that the observed variation in surface 
potentials is of a different functional form as compared to the model predictions. This behavior 
can be explained as follows. In our predictions, the band energy at the surface is obtained just by 
truncating the band energy curve of the bulk material at the required distance from the 
heterojunction (interface). However, such a truncation will require that either only as many 
electrons as can be accommodated by the V2O5 are transferred from TiO2 or that the excess 
electrons are captured by the surface without any modification of its potential.  
It is possible that the excess electrons from the TiO2 (those which cannot be 
accommodated within the thin layer of V2O5) are transferred to the surface – to the V-O bonds or 
to defects or crystal plane edges and other features on the surface.  This will make a thinner film 
even more electron rich at the surface and have lower surface potential than what is predicted by 
simple truncation of the band energy profile. This is possibly the reason for the observed 
variation in surface potential of our films. Developing a model based on this hypothesis will 
require further extensive work and can be a subject of future graduate theses. It is also possible 
that surface states themselves and other factors such as atmospheric moisture are contributing to 
the values of surface potential obtained.  
The surface potential data and reaction results also confirm that the surface Fermi level of 
V2O5 is not pinned and that the oxide can be a good candidate for other studies on defect / band 
engineering and for studying surface-bulk interactions in semiconductors. 
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6.5.5 Surface roughness measurements 
 Several reacted samples were characterized by atomic force microscopy (AFM) using 
Asylum Research MFP-3D atomic force microscopes. Silicon AFM Probes (Budget Sensors) 
with aluminum reflex coating and a resonant frequency of 300 kHz were used for the 
measurements. The samples were studied in the tapping mode. The primary objective was to 
obtain a 3D profile of the surface (Fig. 6.19) and to estimate the mean surface roughness and 
thereby the effective surface area of the catalysts. Both the root mean square (RMS) roughness 
and the effective surface area could be obtained from the AFM software. For all the samples 
studied, the surface area enhancement was less than 5% (Table 6.1). This enabled the use of the 
nominal surface area of the catalyst in place of the actual exposed surface area for normalizing 
the reaction rate constant values obtained from experiments. Also, this avoided the necessity of 
having to measure every reacted sample to estimate the actual surface area. 
 
6.6 Conclusion 
 A method was developed to estimate first order reaction rate constant values from mass-
spectra of reactor gas samples at various instants of time. Using this method, the catalytic 
activity of various samples of V2O5 films deposited on silicon as well as V2O5 films deposited on 
TiO2 films on silicon was estimated. Comparison across samples showed that the V2O5 films of 
various thicknesses on silicon had mostly the same activity per unit area of V2O5 surface but the 
overall activity of the samples was proportional to the thickness for thicknesses up to 40 nm due 
to coverage issues. Films of V2O5 of different thicknesses supported on 100 nm thick films TiO2 
showed increase in activity with decrease in the V2O5 thickness, as expected from the models 
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developed in chapters 2 and 3 of this thesis. Surface potentials measured by SKPM also varied 
with V2O5 thickness qualitatively as expected. However, both the rates and surface potentials 
were much more enhanced than expected by using thin V2O5 films on TiO2. Effect of substrate 
carrier concentration could be evaluated only to a limited extent due to limitations on V2O5 film 
thicknesses imposed by the CVD method developed here. Experimental data matched theoretical 
predictions in this case also. The experimental results thus support the models developed and 
show that the heterojunction formation – transfer of electrons and formation of space charge 
regions – is at least partially the cause of the ‘support effect’ widely observed in the 
heterogeneous catalysis literature. It is also thus demonstrated that modification of overlayer 
thickness provides an extremely convenient method of modification of the activity of supported 
oxide catalysts.  
 
 
 
 
 
 
 
 
 
140 
 
6.7 Tables and Figures 
Table 6.1: Roughness and percentage area enhancement of some catalyst samples measured by 
AFM 
Sample 
Number 
V2O5 
Thickness 
(nm) 
TiO2 
Thickness 
(nm) 
Scan size 
(μm2) 
RMS 
roughness 
(nm) 
% area 
enhancement 
NNK 630 20 
 
1 1.283 0.7632 
NNK 630 20 
 
25 1.019 0.2753 
NNK 706 81 
 
1 1.927 1.0060 
NNK 706 81 
 
25 1.583 0.2343 
NNK 582 23 
 
1 1.551 0.9405 
NNK 582 23 
 
25 1.604 0.5462 
NNK 511 75 
 
25 6.053 1.9330 
NNK 545 75 
 
25 7.724 3.3280 
0207-8 5 110 25 1.058 0.3716 
0207-8 5 110 400 1.565 0.0111 
0207-7 21 109 1 3.364 1.9700 
0207-7 21 109 25 3.334 1.4010 
0313-5 37 105 1 3.227 1.2520 
0313-5 37 105 25 2.295 0.4800 
0208-10 89 108 25 1.735 0.1517 
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Fig. 6.1 A screen-shot of the mass-spectrum observed during a reaction. The major peaks of 
interest are 30 (formaldehyde), 31 (methanol), 40 (argon), 44 (carbon-di-oxide). No peaks 
corresponding to other methanol oxidation products such as dimethyl ether are observed. 
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Fig. 6.2 Sample calibration curves of the mass-spectrometer. Argon and methanol are used in 
known proportions to calibrate the device. 
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Fig. 6.3 Estimation of rate constant by curve-fitting  
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Fig. 6.4 Arrhenius plots of samples of V2O5 (a) supported on silicon (b) supported on 100 nm 
thick TiO2 film on silicon.  Lines represent least-squares fits. 
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Set 
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Number 
Thickness 
(nm) 
Activation 
energy Ea 
(Kcal/mol) 
Length, l 
(cm) 
Normalized rate 
constant, k/l at 300 
°C (cm
-1
min
-1
) 
1 NNK 720 30 28.77 1.1 0.0298 
2 NNK 582 23 38.24 1.2 0.0435 
3 NNK 706 81 30.18 1.6 0.0459 
4 NNK 616 125 35.17 1.6 0.0454 
145 
 
Fig. 6.4 (cont.) 
(b)
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Set 
Number 
Sample 
Number 
V2O5 
thickness 
(nm) 
Activation 
energy Ea 
(Kcal/mol) 
Length, l 
(cm) 
Normalized 
rate constant, 
k/l at 300 °C 
(cm
-1
min
-1
) 
1 0531-7 9 14.57 1.00 0.1133 
2 0207-7 21 31.99 1.65 0.0342 
3 0313-5 37 31.34 1.34 0.0160 
4 0313-8 5 14.68 0.90 0.0471 
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Fig. 6.5 Plot of the variation of the normalized rate constant (k/l) with the V2O5 layer thickness 
on V2O5/Si catalysts.  Lines represent guides to the eye. 
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Fig. 6.6 SEM images of samples of V2O5 on silicon showing the coverage. Scale bar represents 5 
microns for images on the left side and 500 nm for images on the right side. 
 
(a), (b) NNK 582 – 23 nm film having almost complete coverage; thus rates are as much as of 
thicker films (k/l = 0.0435 min
-1
cm
-1
) 
     
 
(c), (d) NNK 630 – 20 nm film; low coverage and hence low rates (k/l = 0.0125 min-1cm-1) 
   
 
 
 
 
 
a b 
c d 
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Fig. 6.6 (cont.) (e), (f) 722 – 7 nm, low coverage, low rate (0.0135 min-1cm-1) 
    
 
(g), (h) 720 – 30 nm, better coverage and rate constant (0.0276 min-1cm-1) 
    
 
(i), (j) 589 – 140 nm – almost full coverage, high rate constant (0.0569 min-1cm-1) 
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Fig. 6.7 Plot of the variation of normalized rate constant as a function of the thickness of V2O5 
on 100 nm TiO2 
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Fig. 6.8 SEM images of a ~3 nm thin film of V2O5 on TiO2. 
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Fig. 6.9 SEM images of ~5 nm thin films of V2O5 on TiO2. Scale bars represent 1 μm unless 
otherwise noted. 
(a), (b) – Sample 0207-9 
    
 
(c), (d) – Sample 0531-5 
    
 
 
 
500 nm 
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Fig. 6.9 (cont.) (e), (f) – Sample 0208-13 
    
(g), (h) – Sample 0531-6 
    
(i) 0313-8 
  
5 μm 
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Fig. 6.10 SEM images of a ~9 nm thin film of V2O5 on TiO2 
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Fig. 6.11 SEM images of a ~15 nm thin film of V2O5 on TiO2 
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Fig. 6.12 SEM images of ~21 nm thin films of V2O5 on TiO2 
(a), (b) Sample – 0313-4 
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Fig. 6.12 (cont.) 
(c), (d) – Sample 0207-7 
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Fig. 6.13 SEM images of a ~58 nm thin film of V2O5 on TiO2 
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Fig. 6.14 SEM image showing the agglomeration of a V2O5 film (sample 0531-7) upon reaction  
(a),(b) sample before reaction  
       
 
(c),(d) sample after reaction 
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Fig. 6.15 Plot of the variation of carrier concentration in the TiO2 film with its thickness [5]. 
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Fig. 6.16 Plot of the effect of TiO2 film thickness (carrier concentration) on the activity of V2O5 / 
TiO2 catalysts. The upper line and points correspond to V2O5 film thicknesses in the range of 2 – 
3 nm. The lower line and points correspond to V2O5 films of thickness 3 – 4 nm.  The solid lines 
represent least-squares fits.  The dashed curve (with abscissa on the top X axis) is reproduced 
from Fig. 6.7 for comparison to data in which vanadia thickness was varied.   
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Fig. 6.17 Plot of the variation of the normalized rate constant with the relative surface potential 
of various samples (both V2O5/Si and V2O5/TiO2/Si) 
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Fig. 6.18 A plot of the measured relative surface potentials of some V2O5 / TiO2 samples as a 
function of the V2O5 thickness.  The curve is a guide to the eye. 
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Fig. 6.19 AFM topography scans of V2O5 thin films after reaction studies. The scans show that 
the films are quite smooth 
(a), (b) NNK 630 – 20 nm V2O5 / Si 
(a)  
(b)  
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Fig. 6.19 (cont.) 
(c), (d) NNK 582 - 23 nm V2O5 / Si 
(c)  
 
 
(d) 
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Fig. 6.19 (cont.) 
(e) 0207-7 – 21 nm V2O5 / 109 nm TiO2 
(e)  
(f) 0208-10 – 89 nm V2O5 / 108 nm TiO2 
 
(f) 
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Fig. 6.19 (cont.) 
(g) NNK 722 – 7 nm V2O5 / Si, very smooth film 
(g)  
(h) 0207-8 – 5 nm V2O5 on TiO2 showing TiO2 grain structure 
(h)  
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Chapter 7: Model Validation 
7.1 Abstract 
 In this chapter further discussion of the results of the studies on catalytic activity are 
presented. The experimental results are also compared to the predictions of the models developed 
in chapters 2 and 3 of this thesis. Suggestions for future work – both to deepen and to diversify 
the methods and concepts developed here – are also presented.  
 
7.2 Introduction 
 The catalysts tested, particularly those with 10-20 nm V2O5 on TiO2 showed high 
activity, as discussed in the previous chapter. The overall rate constant was estimated for the 
catalysts from the reaction data. This will be compared with typical values of rate constant and 
turn-over-frequency (TOF) reported in the literature in section 7.3. In section 7.4, the 
experimental results are compared to results from the models developed in this thesis. In the later 
sections, comments are made about the parameter values used. New parameter values were 
determined and model predictions using those are presented. The reasons for the variations in 
experimental rate being stronger than the model predictions are also discussed. 
 
7.3 Comparison of rate constant with literature data 
In the catalysis literature, turn-over-frequency (TOF) values are generally provided for 
solid catalysts. TOF is a good measure especially for comparing the activity of catalytic sites.  
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TOF is defined as the number of molecules converted per unit site per unit time:  
         (7.1) 
where r is the rate of the reaction (number of molecules converted per unit area per unit time 
(molecules/(m
2
.s)) and N is the areal site density (sites per unit area – sites / nm2). In our case, 
Eq.  (7.1) can also be written as: 
             (7.2) 
where PMeOH is the partial pressure of methanol, A is the total area of the active sites, V is the 
volume of the reactor, R is the gas constant and T is the temperature.  
In our experiments, the sample width (the width between the tantalum plates on the 
sample mount) is about 1.44 cm. The rate constant values are already normalized by the length of 
the sample. Thus the effective area, A = 1.44 cm
2
. The reactor volume was not measured exactly 
but a lower bound of 0.5 L can be used. An average methanol pressure of 0.25 torr can be used. 
This is also most likely a lower bound for the pressure of methanol. The value of N can be taken 
as 10 V atoms / nm
2
. This is the site density on bulk V2O5 and the site density on supported 
catalysts is usually lower [1]. However, since our catalysts are typically not just one or few 
monolayers thick, we can use the bulk site density to get the lower bound of TOF. For a length-
normalized rate constant (k/l) value of 0.03 min
-1
cm
-1
, (the value for ~20 nm V2O5 films on 100 
nm TiO2), the TOF is calculated to be 0.73 s
-1
 at 300 °C. For the ~10 nm film V2O5 film on 100 
nm TiO2, the lower bound of TOF is estimated to be 2.76 s
-1
 at 300 °C. However, the V2O5 
coverage on these catalysts is not full and thus these values can be much lower than the actual 
TOF values.  
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The typical value of TOF reported in the literature is 0.17 s
-1
 at 230 °C for a monolayer of 
V2O5 supported on TiO2. The typical activation energy observed for this reaction is ~ 20 Kcal / 
mol [2]. The TOF at 300 °C can thus be estimated to be 1.88 s
-1
. This estimate is lower than the 
lower bound of TOF value calculated for our catalysts with 10 nm V2O5 on 100 nm TiO2. This 
indicates that the sites on our catalyst are more active. Moreover, the V2O5 films are thicker than 
the monolayers used in the literature reports, and our model predicts higher activity per site for 
thinner films. This trend has also been empirically observed for catalysts with V2O5 thickness on 
the supports ranging from a fraction of a monolayer to a few monolayers. Development of a 
simple and reliable method to estimate the total number of active sites on these thin film model 
catalysts would greatly help in ascertaining the actual TOF of these catalysts.  
 
7.4 Comparison with the developed heterojunction model 
 The heterojunction model gave the conduction band profile in the V2O5 for various TiO2 
carrier concentrations (Fig. 2.4). From that and using Eq. (3.10) with a value of -1.313 for λ (as 
obtained from our experiments), the reaction rates can be calculated for various thicknesses of 
V2O5 on TiO2 of various values of carrier concentration. The rates at different V2O5 thicknesses 
are calculated relative to the rate on bulk V2O5. These values are plotted in Fig. 7.1. The TiO2 
carrier concentration relevant to us is 10
17
 cm
-3
 (this is close to the carrier concentration of 100 
nm TiO2 films (Fig. 6.9). The predicted rates increase in all cases as the vanadia films get 
thinner, generally becoming significant (>50% increase) for thicknesses less than 10 nm.  At 10
17
 
cm
-3
 and 1 nm thickness, the rate is predicted to be a factor of 3 more than that of bulk vanadia. 
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The increases in Fig. 7.1 become progressively larger as the titania carrier concentration rises  
becoming a factor of about 4.2 at 1 nm and 10
19
 cm
-3
. 
To compare with these predictions, Fig. 7.2 shows the experimentally observed variation 
of rate as a function of V2O5 thickness on 100 nm TiO2 films (Fig. 6.7), with relative rates on the 
y-axis. The value of the rate at ~60 nm thickness of V2O5 is used as the scaling factor. 
Comparing the experimental and predicted results in Fig. 7.2, it can be seen that the experimental 
rates generally increase as vanadia thickness decreases, in agreement with the prediction.  
However, the magnitude of the variation is substantially higher than predicted. Below a vanadia 
thickness of about 25 nm, for example, the experimental rates are typically a factor of 2, and 
sometimes a factor of 6, larger than predicted.  The experimental data also show that the increase 
in rate as a function of thickness extends out to greater vanadia depths than the model predicts.  
For example, the experimental data show significant increases in rate for films 25 nm or thinner. 
This thickness of 25 nm is significantly larger than expected for an accumulation region in 
vanadia,  
 The λ value used in the simulation was same as that obtained from the experiments of 
Chapter 6.  The results of Fig. 7.2 therefore imply that the surface potential (or work function) 
was varying with V2O5 thickness more than expected – both in magnitude and the distance in the 
V2O5 layer till which the potential was different from the bulk value. To verify this idea, the 
variation of conduction band energy level with the V2O5 thickness was calculated and plotted in 
Fig. 7.3, with the bulk value of this energy level set at -6 eV. The experimental values of surface 
potential (measured by Scanning Kelvin Probe Microscopy, SKPM) are plotted in the same 
figure, and offset in the y-direction to ensure that an energy value of -6 eV is obtained for the 
point at ~58 nm V2O5 thickness, for direct comparison with the predictions.  
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Comparison of the experimental and computed values show that the model overshoots the 
experimental data points at 5 and 20 nm by at least 0.1 eV; i.e., the fit in this region is poor. The 
5 nm film had an average rate lower than the value expected (Fig. 6.7), due to low surface 
coverage of the TiO2 by V2O5, as was discussed in chapter 6 (section 6.5.2). The value of 
deviation of its energy level from the bulk is also lower than expected, possibly due to the low 
surface coverage. In other words, the expected surface potential value would be much more 
negative for a film of higher coverage and this will be a larger deviation from the predictions. 
This showed that our model of the heterojunction was not predicting the band profiles well.  
The above comparison is based on surface potential data of four samples. Several other 
samples were also characterized by SKPM. Unfortunately, reliable data were not obtained due to 
an issue that could not be resolved. Although the probe tip was able to track the morphology 
well, the potential was not tracked well  as evidenced by a large difference between the trace 
and retrace potential values during the scans. This difference was about 0.3 V and varied with the 
value of ‘potential gain’ applied. This lack of registry happened even with several new tips, and 
thus the problem did not seem to be due to the samples or the tips. 
It was expected that the parameter values could have influenced the band-bending at the 
interface and the band profiles. Thus the parameter values that had been obtained from the 
literature were investigated more closely. This is discussed in section 7.5. 
 The previous paragraphs have described comparisons between model and experiment in 
terms of the thickness of the vanadia film at constant TiO2 carrier concentration (i.e., TiO2 
thickness).  Another useful test to perform is to hold the vanadia thickness constant (in a regime 
where the effects of the substrate should be large) and vary the TiO2 carrier concentration (i.e., 
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thickness).  However, the effects proved difficult to observe due to the relatively narrow range of 
TiO2 carrier concentrations that could be accessed. The predictions are shown in Fig. 7.4. The 
rates at each TiO2 thickness are normalized by the rate on bulk V2O5. The model predicts very 
little change in the reaction rate for TiO2 thicknesses in the range of 25 – 200 nm (corresponding 
to a carrier concentration range of 10
18
 – 6*1015 cm-3 and a work function range of 3.98 – 4.12 
eV), even for a 1 nm thin film of V2O5.  
The experimental results shown in the previous chapter (section 6.5.3) correspond to this 
prediction quite well, indicating that the rates do not vary significantly with the TiO2 carrier 
concentration. Fig. 6.16 shows two sets of results  one set for vanadia thicknesses in the range 
2-3 nm (as well as could be controlled by the deposition apparatus), and a second set for vanadia 
thicknesses of 3-4 nm. As expected, the reaction rates are higher for the 2-3 nm set compared to 
the 3-4 nm set.  In addition, for 2-3 nm vanadia there is a very small increase in reaction rate 
going from thin to thick TiO2 films (i.e., decreasing carrier concentration).  There is variation in 
rate with TiO2 thickness at all for the 3-4 nm vanadia. The small variation in rate for 2-3 nm 
vanadia actually goes opposite to the direction expected from Fig. 7.4, which predicts an 
increasing rate with increasing carrier concentration (and therefore decreasing TiO2 thickness).  
However, the variations in experimental vanadia coverage (and therefore reaction area) as 
described elsewhere in this chapter could easily account for these effects, and we do not ascribe 
much significance to them.    
Thus the model qualitatively predicts the experimentally observed variations. However, 
there is quantitative difference between the model predictions and observed rates.  The parameter 
values were re-evaluated in an attempt to predict the heterojunction band profiles more 
accurately, as discussed next in section 7.5. 
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7.5 Re-evaluation of parameter values 
 The values of the carrier concentration in V2O5, the dielectric constants of the materials, 
the values of work function and band energy levels, were obtained from the literature. It was 
observed that for some parameters, the values varied significantly between reports due to reasons 
such as the synthesis and processing method or conditions and the technique used to estimate the 
values. This has been reported in the case of carrier concentration values of TiO2 [3]. It is also 
well known that the stoichiometry and properties of V2O5 depend on the synthesis conditions [4, 
5]. In the case of some parameters, such as the carrier concentration of V2O5, only a few reports 
[6-8] were available where this was measured, and thus the reliability of such parameter values is 
not very high. Dielectric constant values reported for TiO2 are also in a wide range of numbers 
[9-12]. The values of the conduction band minimum and valence band maximum energy levels, 
as well as the conduction band effective density of states are quite reliable in the case of TiO2 
[13]. The value of dielectric constant of V2O5 (5.3) [7, 14] is also consistent with its refractive 
index (2.3). The values of work function of V2O5 vary by over 1 eV across reports [15-19]. The 
position of its band edges is not discussed in much detail in the literature.  
 Thus it can be seen that certain parameter values used are not very reliable and the 
quantitative predictions depend on these values. While the techniques of estimating these 
properties are important and can affect the measured values, the material properties are also 
variable and depend on synthesis and processing conditions and methods. Thus the best course of 
action would be to estimate these property values experimentally for the materials used. The 
Seebauer group has developed a technique to accurately and reliably measure the carrier 
concentration of TiO2 thin films [3]. However, it would require heavy investment of time and 
resources for the development of reliable metrology methods and tools for all the parameters 
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used here. Due to this reason, parameters from the literature were used to get approximate 
estimates of catalytic activity and the trend of its variation with the overlayer thickness and 
substrate carrier concentration. A few photoelectron spectroscopy measurements were made on 
the used films to estimate the work function values. These are described below. 
 
7.6 Experimental investigation of work functions of the thin films 
 The work function values and band structure of the reacted V2O5/Si and V2O5/TiO2 films 
were estimated by ultra-violet photoelectron spectroscopy (UPS). Films that were reacted were 
used rather than as-synthesized films. This is because these films are oxidized at 350 °C for 30 
minutes at the end of the reactions as is done after every reaction and so they resemble the films 
just before reaction more than the as-synthesized films.  
 In the UPS studies, He I radiation (21.2 eV) was used to estimate the work function 
values. The instrument used was the same as the one used for XPS (PHI 5700). The results are 
shown in Table 7.1. The work function of the V2O5 films on silicon was found to be 5.05 eV. 
The work function values of V2O5 films supported on ~100 nm TiO2 were lower (indicating 
downward band-bending) and varied with thickness of V2O5 as expected (qualitatively) from the 
band diagrams and similar to the surface potentials measured (Fig. 6.18). In the case of the 
sample 0313-8, two secondary emission peaks were observed, possibly corresponding to the 
V2O5 particles and the free TiO2 surface. The TiO2 work function was estimated to be 4.1 eV, 
indicating slight upward band-bending as happens in a depletion region. The work function of a 
TiO2 film without V2O5 was found to be 3.9 eV. These work function values are lower than the 
values used (Table 2.1) for making predictions from the heterojunction model. The value for 
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TiO2 is only 0.15 eV lower than the used value of 4.05 eV, whereas the work function of 5.05 eV 
obtained in these studies is 1.65 eV lower than the value of 6.7 eV used for V2O5 in the 
predictions. The value of 6.7 eV was for single-crystalline V2O5. Our films are polycrystalline 
and have native defects that can lower the work function. However, the work function value 
measured here is lower than even the published electron affinity value of V2O5 expected (6 eV). 
Given that the properties of the films can vary substantially based on the synthesis and 
processing techniques used, we place more trust in the values measured by ourselves on the films 
that we use.  
 
7.7 Re-calculation of model predictions 
 The work function is a very important parameter that affects the band-bending values at 
the interface. Thus, using the bulk work function of V2O5 of 5.05 eV obtained from UPS 
measurements, the calculations were re-done. The values of Nc and εr of TiO2 were also updated 
using the value of Nc from the literature for anatase TiO2 and the value of εr from [20] for 
anatase. The synthesis and measurement of carrier concentration in TiO2 were done by a former 
group member [20]. The updated set of parameter values (Set 2) is shown in Table 7.2, along 
with the original set of values (Set 1) for comparison. 
 The band profiles and relative reaction rates were computed for various carrier 
concentrations in TiO2. The results are shown for the relevant TiO2 carrier concentration in Figs. 
7.5 and 7.6. The experimental data is also presented along with the predictions. Fig. 7.5 shows 
that the new set of parameters does not fit the experimental data any better than the old set.  And 
Fig. 7.6 shows that for λ = -1.313, the experimentally obtained rate enhancement for thin films is 
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higher than expected.  The parameter  was therefore allowed to vary as a fitting parameter to 
more closely match the experimental data. In Fig. 7.7, the experimental rate values are also 
normalized by coverage, which was estimated by visual observation of the SEM micrographs of 
the samples (ex. 30% coverage for 5 nm thick samples using Fig. 6.9 (g)). As seen in Fig. 7.7, the 
value of -6 for λ fits the experimental data very closely, both in terms of the functional form of 
the variation as well as the magnitude of variation of the relative rate with V2O5 thickness.  
 
The surface potential data (Fig. 7.5) indicate that the surface electron density is higher 
than our simple truncation-based heterojunction model predicts. The changes in surface potential 
and reaction rates for very thin V2O5 are much more than expected, and probably result from 
migration of the extra electrons from the TiO2 support all the way to the free surface of V2O5. In 
principle, the extra electrons can go into V-O bonds at the surface (making them more ionic), or 
can go into various surface defects such as steps, kinks and other dangling bonds. It is the V-O 
bond ionicity that affects the methanol oxidation rate [21]. Given this understanding of the 
reaction mechanism, it is unlikely that this second destination in surface defects would influence 
the reaction rate appreciably.  The use of a higher value of λ (as in Fig. 7.7) is thus necessary to 
account for the enhanced ionicity of the surface.  
 
7.8 Discussion 
The model using a value of -6 for λ fits the experimental data remarkably well. Indeed, 
the curve in Fig. 7.7 does not have a simple exponential form, but represents an exponential 
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function of a highly nonlinear accumulation region potential profile. This variation would not 
have been straightforward to arrive at a priori in the absence of the heterojunction model.  
The high quality of the match to the data for variable vanadia thickness suggests that the 
models developed in this thesis can be used to describe the reactivity of oxide heterostructures, 
but perhaps with a suitable amplification of the value of λ used.  There is at present no way to 
predict how much amplification might take place.  Indeed, the amplification may vary with the 
type and number of surface defects.  This picture implies, however, that surface defect 
engineering of the V2O5 film can be undertaken to prevent or reduce the loss of electrons to 
surface defects and thus enable the full enhancement in the catalytic activity caused by the 
support. 
There are several key questions that remain to be resolved, however.  For example, why 
does the value of  determined from Fig. 7.7 differ so much (factor of nearly 5) from the value of 
-1.313 derived in Chapter 6?  The last section attributes the difference to the full absorption of 
electrons originating from the TiO2 support at the vanadia surface.  However, the question of 
how much charge is transferred from TiO2 to very thin films of vanadia is not entirely clear.  One 
analogy might be the exchange of charge between the bulk of a small metal oxide particle and its 
surface.  This physical system has been examined extensively in several contexts including gas 
sensors [22]. At TiO2 particle sizes below the critical size at which the entire particle is contained 
within the space charge region (twice the Debye length), the amount of charge transferred from 
the bulk to the surface and thus the potential difference between the surface and the center of the 
particle, depends on the particle size [23]. Such an analogy would suggest that as the vanadia 
film becomes thin enough to be entirely accommodated within its accumulation region, the total 
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amount of charge transferred from the underlying TiO2 would begin to decrease.  Thus, buildup 
of charge at the free vanadia surface would become unnecessary. 
However, the thin film case differs in an important respect from the small particle case.  
In a small particle, the bulk reservoir for charge is obviously finite due to its small size.  
However, in the thin supported film case, the underlying TiO2 is thick enough to provide an 
effectively unlimited amount of charge to the vanadia film.  Thus, the ability to force charge into 
the vanadia is more pronounced.   
The value of -1.313 for  is itself greater than the nominal maximum of 1.0 for a fully 
ionic transition state in the liquid. Absolute values of  greater than unity are well known in 
liquid-phase reactions and can especially occur for multi-basic acids or multi-acidic bases.  is 
comparable to the Bronsted coefficient, β, as explained in section 3.3.3. Bronsted coefficients as 
high as 1.61 [24] have been reported but a value of 6 is quite large. 
Interestingly, in gas-phase reactions, such a magnitude for  is not unprecedented.  For 
example,  = +6.06 has been observed for gaseous CO oxidation on doped NiO [25]. This value 
of   is calculated by us based on the data of variation of activation energy with work function 
presented there (Fig. 3.7 and section 3.4.2). No explanation was provided for the large slope of 
~2 observed in the linear fit of the activation energy vs. work function plot. However, their work 
function / surface potential measurements were performed reliably by the dynamic condenser 
method and thus the value of  obtained from their data is reliable.  
One contribution to the large value of 6 for || observed in our results may originate from 
a mis-estimation of the surface Fermi level.  The curve in Fig. 7.7 was computed assuming a 
value of the surface Fermi level taken from the solid curve in Fig. 7.5, which employs the 
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truncation assumption.  Yet Fig. 7.5 also shows that the measured surface potential values 
signify a degree of electron build-up (at thicknesses <25nm) greater than that expected from the 
truncation approximation.  The extra electron build-up corresponds to ~0.1 eV.  This mis-
estimation would show up in Eq. 3.10, which is the basis for the curve fit in Fig. 7.7 that leads to 
= -6.  The deviation in surface Fermi level predicted by the truncation heterojunction model 
from that in the deep bulk is about 0.1 eV (at 5 nm thickness), so the measured potential change 
of ~0.2 eV is twice the predicted value.  The form of Eq. 3.10 suggests that the actual value of  
should be about -3.  However, this value is still quite high and requires additional explanation. 
For example, it is possible that a portion of the electrons transferred on the surface do not 
modify the surface Fermi level but still affect the catalytic activity directly.  Such a condition 
would occur if the density of states near the Fermi level were large, so that a substantial build-up 
of electrons could occur with only modest changes in the position of the surface Fermi level.  
The build-up of electrons on the V2O5 surface could affect the reactivity in the following ways: 
(i) Additional charging of surface defects:  Such defects could be steps and kinks, as 
well as oxygen vacancies on the surface terrace.  Steps and kinks on V2O5 were 
reported to be almost inactive for methanol oxidation to formaldehyde. It was 
reported that the (001) surface terrace itself was more active for the reaction than the 
defects [26]. This could be due to the oxygen vacancies on the surface terrace which 
favor the formation of formaldehyde from methanol [27]. However, the charge state 
of those steps and kinks was not measured, and could have differed from the thinnest 
films in the present work that displayed greatly enhanced reactivity.  It is easy to 
imagine that changing their charge state would affect the propensity of those sites to 
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donate or withdraw electrons, and therefore their acid-base behavior as expressed in 
. 
(ii) Increase in basicity of terrace oxygen atoms.  Extra electrons would make the 
terrace oxygen atoms more active to hydrogen abstraction from the adsorbed methoxy 
group, which is the rate-limiting reaction step.  In other words, the extra electrons 
would increase the ionicity of the surface V-O bonds and such increase in ionicity is 
known to increase the catalytic activity of V2O5 in methanol oxidation [21]. 
 
There are other effects that could affect the thickness dependence of the reaction rate, 
which may have been tacitly lumped into λ. Examples of these effects are:  
(i) Geometrical effects – The V2O5 films are polycrystalline, and the grains do not 
completely cover the substrate in the thinnest cases. As the thickness decreases, 
spaces progressively open up between the grains, and new crystallographic 
orientations become exposed.  The spacing affects the geometrical area available for 
reaction, although our coverage estimates compensate for reaction area effects at least 
partly.  More importantly the exposure of new crystallographic orientations (and the 
attendant formation of extra edge sites) may influence reactivity, especially if those 
sites are active for reaction and charged.  
(ii) Interfacial traps – The number interface states between the two semiconductors may 
vary with the V2O5 thickness. Thicker V2O5 films could lead to greater lattice 
mismatch at the interface and strain. The strain could induce greater interface trap 
density [28] which would screen the vanadia from the underlying support and 
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attenuate the electronic influence of that support.  In other words, the reaction rate 
would decrease more rapidly with increasing thickness than an ideal-interface model 
would predict. 
(iii) Surface states – Surface defect states whose concentration varies with vanadia 
thickness could modify functional dependence of the surface Fermi level on 
thickness.  If such surface states were present in sufficient numbers to affect the 
surface Fermi level position, the surface Fermi level would vary with thickness in an 
unpredictable way that differs from the truncation approximation.  The data of Fig. 
7.5 indeed point to an unpredictable variation.  However, in principle the variation 
could be determined experimentally from detailed work function measurements and 
thereby included in Eq. 3.10. 
 
Another possible complicating effect is that of oxygen adsorption.  O2 acts as an electron 
acceptor, and therefore draws electrons toward the surface when it adsorbs  thereby changing 
the work function.  Conversely, the more electron-rich a surface starts off, the more oxygen it 
tends to adsorb.  This feedback loop implies that the adsorption-induced change in surface 
potential is greater for vanadia films that start off more electron rich (i.e., with Fermi levels 
higher in the band gap) due to being very thin or sitting on TiO2 that has been synthesized to be 
electron-rich.  Note also that some of the adsorbed oxygen reacts away to form products.  
Oxidation reactions on V2O5 typically require basic sites and apart from the rate determining 
step, the re-oxidation step also requires electrons for converting the gaseous or adsorbed oxygen 
into oxide ions. Such a need for electrons through chemisorption and surface reaction can also 
attract more electrons to the surface than what is expected at ambient laboratory conditions. This 
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is because these phenomena depend upon, and can also modify, the surface potential [29, 30]. In 
short, Poisson’s equation for the system would need to be solved self-consistently with the 
adsorption isotherm and reaction kinetics for O2 on the vanadia. 
 
7.9 Conclusion 
 In this chapter, the experimental results were compared to our predictions based on the 
heterojunction model of chapter 2 and the model relating catalytic activity and the Fermi level 
position of the catalyst developed in chapter 3. The experimental data showed a much larger 
variation in the rate with V2O5 thickness on 100 nm thick TiO2 films than what was predicted by 
the models using a value of -1.313 for λ (from Fig. 6.17). The measured surface potential values 
also deviated from the model predictions, indicating that the truncation approximation (used to 
estimate surface Fermi level positions) was not sufficient to model the surface. The parameter λ 
was allowed to vary to fit the model to the data and a value of -6 yielded a very good fit. This 
showed that the heterojunction based model of supported oxide catalysts was able to predict 
well, the functional form of variation of rate vs. overlayer thickness. The possible reasons for the 
quantitative mismatch between the model predictions and the experimentally obtained results 
have been elaborately discussed.  
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7.10 Tables and Figures 
Table 7.1: Results from UPS studies 
Sample 
V2O5 
thickness 
(nm) 
TiO2 
thickness 
(nm) 
Secondary 
Electron Onset 
(eV) 
Work 
Function (eV) 
V2O5 722 7  
16.15 5.05 
V2O5 616 125  
16.17 5.03 
0313-8 5 113 
17.11 4.09 
16.35 4.85 
0313-4 21 117 16.30 4.90 
0313-5 37 105 16.21 4.99 
0313-3 62 115 16.23 4.97 
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Table 7.2: New set (Set 2) of parameter values used in the heterojunction model 
Parameter 
Value 
Units 
Set 1 Set 2 
Dielectric constant ε2 TiO2 31 55  
Electron affinity 
(Conduction band 
minimum from 
vacuum) 
Ec TiO2 3.9 3.9 eV 
Conduction band 
effective density of 
states 
Nc TiO2 7.9E+20 2.5E+19 cm
-3
 
Carrier 
concentration 
Nd V2O5 1E+16 1E+16 cm
-3
 
Dielectric constant εr V2O5 5.3 5.3  
Work function Φ1 V2O5 6.7 5.05 eV 
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Fig. 7.1 Rate predictions using the first set of parameter values derived from the literature 
together with the value of  obtained experimentally in Chapter 6. The rates are normalized by 
the rate value on bulk V2O5. 
V
2
O
5
 thickness (nm)
0 5 10 15 20 25 30
R
e
la
ti
v
e
 r
a
te
0
2
4
6
8
10
12
N
d
 (TiO
2
) = 10
19
 cm
-3
 
10
14
 10
15
 
10
16
10
18
 
10
17
 
 
 
 
 
 
187 
 
Fig. 7.2 Experimental data for relative reaction rate as a function of vanadia overlayer thickness, 
normalized to the rate at 58 nm.  Also shown is the model prediction with Set 1 parameter values 
and λ = -1.313. Vanadia is supported on 100 nm of TiO2.  
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Fig. 7.3 Experimental data for the surface potential (converted to relative conduction band 
energy levels) as a function of vanadia overlayer thickness.  Also shown is the model prediction 
with Set 1 parameter values. Vanadia is supported on 100 nm of TiO2. 
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Fig. 7.4 Prediction of the effect of carrier concentration in TiO2 on the activity of supported V2O5 
films of various thicknesses. The available TiO2 thicknesses (25 – 200 nm) correspond to the 
carrier concentration range of 10
18
 to 10
16
 cm
-3
. Only a 25% change in the rate is observed, even 
for 1 nm thick V2O5 films on TiO2 films in the above stated range. 
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Fig. 7.5 Experimental data for the surface potential (converted to relative conduction band 
energy levels) as a function of vanadia overlayer thickness.  Also shown is the model prediction 
with Set 2 parameter values. Vanadia is supported on 100 nm of TiO2. 
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Fig. 7.6 Comparison of model predictions and experimental data, using the Set 2 parameter 
values in the models.  
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Fig. 7.7 A plot showing the experimental data and model predictions for 3 values of λ. Higher λ 
values have greater effect on the rate at lower V2O5 thickness values. The value of -6 for λ fits 
the experimental data very well. 
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Chapter 8: Synthesis and characterization of VO2 thin films 
8.1 Abstract 
VO2 thin films were synthesized from V2O5 films deposited by the CVD process 
described in this thesis. The reduction of the V2O5 was accomplished by annealing in vacuum 
with or without the presence of methanol, leading to the formation of VO2(B) films. The 
minimum reduction temperature to obtain pure VO2 was 350 °C, which declined to 320 °C when 
methanol was used. The films were characterized by XRD and were found to be oriented, similar 
to the V2O5 films. Some films were further vacuum annealed at 500 °C to obtain VO2(R), which 
transforms to VO2(M) at temperatures below 68 °C. Electrical resistance measurements as a 
function of temperature showed the semiconductor-metal transition occurring in such a sample. 
 
8.2 Introduction 
Vanadium oxides (VOx) constitute a group of technologically important materials that 
have aroused extensive research interest in the recent years. Primary among those are V2O5 and 
the various polymorphs of VO2. V2O5 is an n-type semiconductor with a bandgap of ~2.3 eV and 
has found applications in several fields such as catalysis, data storage, smart windows, 
electrochromic devices, opto-electronics and Li-ion batteries [1]. VO2 exists in 4 major 
polymorphs, and the properties and applications of these are various. The four major polymorphs 
are VO2(A), VO2(B), VO2(M) and VO2(R). VO2(A) has a tetragonal crystal structure, VO2(B) is 
monoclinic, VO2(M) is also monoclinic and VO2(R) has a rutile structure [2].  
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VO2(A) and VO2(B) are metastable states that transform to VO2(R) irreversibly, on 
heating to high temperatures (400 – 600 °C) [3, 4]. VO2(R) is metallic and transforms to the 
semiconducting VO2(M) at temperatures below 68 °C [5]. This is a reversible transition, termed 
as the metal-semiconductor transition. The transformation can be observed through the 
measurement of electrical resistance / resistivity or conductivity as a function of temperature. 
VO2 that transforms in this way is known to exhibit hysteresis – the variation of resistivity with 
temperature depends on whether it is being heated or cooled and is different in both cases. The 
hysteresis width is dependent on the crystallinity and microstructure of the VO2 films – from 1 
°C for single crystals to 15 °C for nanoparticulate VO2 [6]. Though single crystals exhibit the 
best transition characteristics, they are prone to break after a few cycles due to structure 
distortion and stress build-up; thin films can handle the stress better and are hence preferred [7, 
8].  
The semiconductor-metal transition also leads to a change in the IR transmittance / 
reflectance of VO2 films [7]. The change in the electrical and optical properties at the transition 
temperature make VO2 a very useful material in applications such as smart windows [7], data 
storage [9, 10], sensors [11], electrical and optical switches [8] and memristors [12].  
The semiconductor-metal transition (SMT), which occurs typically at 68 °C, can be 
achieved at lower temperatures by the use of dopants. This is crucial for enabling the use of these 
films in applications such as smart windows. High valence dopants have been found to lower  the 
transition temperature, whereas the low valence dopants were found to increase the transition 
temperature [13]. The transition is thought to occur due to a shift in the electron density. It is 
reported that the resistivity change at the transition can be 4-5 orders of magnitude if crystalline 
substrates are used, and 2-3 orders of magnitude if amorphous substrates like SiO2 are used [14]. 
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VO2(B), which is often obtained by chemical synthesis such as sol-gel processing and 
reduction of V2O5, is particularly useful as a cathode material in lithium ion batteries [15]. 
VO2(B) was also found to be useful as a sensor for low humidity detection [16]. It can be 
converted to VO2(R) by annealing at 500-600 °C [17] in inert atmospheres, to exploit the SMT in 
VO2(M,R). VO2(B) itself undergoes at SMT but at a low temperature of ~ 17 °C [18]. Other VOx 
species also undergo SMT / insulator-metal transition (IMT) at different temperatures (V2O5: 
~280 °C [19, 20], V2O3: ~ -120 °C [21, 22]). 
While VO2 can be synthesized by several methods such as sputtering [23], pulsed laser 
deposition [24], sol-gel synthesis [25] and chemical vapor deposition [6], reduction of V2O5 in 
vacuum offers a convenient route for the control of V:O stoichiometry. Physical deposition 
processes may require ultra-high vacuum (UHV), and the films may not adhere well to the 
substrate. Such methods are not commercially viable. Sol-gel methods have been used widely; 
however, they may be time-consuming due to the time required for preparing the sol. Moreover, 
the spin-coating part of the process can restrict the substrate size that can be used. Chemical 
vapor deposition (CVD) can produce conformal films which also adhere well to the substrate. 
Operated at atmospheric pressure or low vacuum, CVD requires lesser instrumentation or 
maintenance and offers higher throughput, as compared to physical deposition methods. Direct 
CVD of VO2 thin films would be very advantageous for manufacturing. However, the precise 
control of temperature and other parameters may be critical, to prevent even partial oxidation of 
the VO2 to V2O5. Moreover, CVD can lead to incorporation of impurities in the films, such as 
chloride when VCl4 is used. Carbon contamination is often found to occur when organic 
precursors such as V(acac)3 are used  [26]. We have synthesized V2O5 thin films by CVD using 
VOTP and water as precursors. These films have almost no (<0.1%) carbon contamination in the 
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bulk and can be reduced to pure VO2 thin films by annealing in vacuum. Such reduction in 
vacuum of V2O5 films to obtain VO2 films avoids contamination from chemical reducing agents 
such as formaldehyde [18]. Moreover, the stoichiometry can be easily controlled through 
temperature. The reduction requires only low vacuum, and thus can be performed in the same 
CVD chamber immediately following the deposition. The effect of the properties of the 
precursor V2O5 films and the reduction temperature were analyzed, to develop an optimal 
procedure for the synthesis of VO2 films as outlined here. 
 
8.3 Experimental 
The V2O5 films grown by the CVD technique described in Chapter 4 were used as 
precursors for the VO2 films. The vacuum annealing was done in the reaction chamber described 
in Chapter 5, as it was equipped to go to temperatures of over 500 °C if necessary. The CVD 
chamber uses an incandescent bulb for heating the samples and is usually run at up to 300 °C. A 
temperature of 350 °C is possible but would strain the bulb and can lead to its failure; thus the 
reduction was carried out in the reaction chamber. In the general case, the synthesis and 
reduction can be performed in the same chamber.  
The reaction chamber was pumped down to about 20 mtorr with the samples mounted. 
The samples were then heated to the annealing temperature, typically 350 °C, for a typical 
annealing time of 30 minutes. These parameters were varied for optimization. In some 
experiments, methanol or a combination of methanol, oxygen and argon were input into the 
reactor, before the annealing. Methanol is a reducing agent and can help to lower the temperature 
of reduction. The obtained films were characterized by X-Ray Diffraction (XRD). Some of the 
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VO2 films obtained were also annealed in vacuum or Argon atmosphere at higher temperatures 
(~500 °C) in order to form VO2(R).  
The electrical resistance between two points on a film was measured using a conventional 
digital multimeter with pointed probes. This was done on a hot-plate, and the resistance was 
measured while the sample was heated and again while it was cooled. The temperature was 
measured using a Type-K thermocouple that was connected to the hot-plate.  
 
8.4 Results and discussion 
Vacuum annealing of the V2O5 films led to their reduction, by the evolution of oxygen: 
2V2O5  4VO2 + O2                                                      (8.1) 
The extent of reduction depends on the film synthesis temperature and the reduction temperature. 
The crystalline phases formed were identified by X-Ray Diffraction (XRD). In the case of V2O5 
films synthesized at 200 °C, at lower reduction temperatures such as 300 °C, V6O13 is formed 
along with VO2, and some V2O5 may be left un-reduced even after 30 minutes (NNK 482). 
However, at temperatures of 350-400 °C, mostly VO2 alone is obtained in 30 minutes (NNK 
479, NNK 607). Use of 1 torr O2 for 1 hour on the V2O5 films (NNK 437) led to films containing 
both VO2 and V4O9 crystallites, implying that the partial pressure of oxygen in the system is the 
cause for the reduction and that it has to be below 1 torr for pure VO2 to form. The XRD spectra 
of these are shown in Figs. 8.1-3.  
Use of methanol (1 torr), even in the presence of a larger quantity of oxygen (7 torr) and 
Argon (1 torr) led to complete reduction to VO2 even at 320 °C in about 30 minutes (NNK 441, 
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Fig. 8.4). Methanol is a reducing agent and can react directly with the V2O5 as shown in Eq. 
(8.2): 
        V2O5 + CH3OH  2VO2 + HCHO + H2O                                    (8.2) 
However, these samples have to be characterized further for their purity as the use of such 
reducing agents can lead to contamination of the films. 
The use of amorphous V2O5 films synthesized at 100 °C did not lead to crystalline VO2 
films on annealing at 300 °C (NNK 495) or 350 °C (NNK 643) for 30 minutes, in vacuum (Fig. 
8.5). Heating of a V2O5 film synthesized at 150 °C (NNK 657) to temperatures of ~ 450 °C led to 
the formation of some VO2(M) along with other vanadium oxides (Fig. 8.6). Interestingly, this 
film had much lower resistance (~12 K-ohms) than other films (few M-ohms) at room 
temperature. The reason for this is yet to be ascertained. Nevertheless, heating at this temperature 
can be attempted for the crystalline films to attempt to synthesize VO2(M) directly. 
Typically, VO2(B) was the polymorph that resulted from the reduction process. The 
sample NNK 628, was further annealed for 30 minutes at 500 °C in 0.5 torr Ar to convert it to 
VO2(R). Al contacts were then deposited on the sample and the electrical resistance was 
measured as a function of temperature; the results are shown in Fig. 8.7. 
Ibisate et al. [27] reported the vacuum reduction of V2O5 to form VO2-SiO2 opals. The 
V2O5 films were prepared by CVD. The samples were heated at 400-700 °C in high vacuum 
(5*10
-6
 torr) for 6 hours. The reduction began at 400 °C, forming V3O7, and at 500 °C, VO2(M) 
was obtained without other phases. Interestingly, heating at 450 °C led to only low intensity 
peaks in XRD, corresponding to vanadium oxide phases from V3O7 to VO2(M). This showed that 
the reduction occurred sequentially, as also reported elsewhere [14]: 
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V2O5  V3O7  V4O9  V6O13  VO2                                (8.3) 
Heating at temperatures above 500 °C led to further reduction to V2O3 and thus 500 °C 
was found to be the optimum. However, in our case, a temperature of only 350 °C and a pressure 
of 2*10
-2
 torr was sufficient to cause the complete reduction to VO2 in just 30 minutes. Further 
optimization of the time required can be done, which can significantly improve the throughput, 
for industrial applications. The use of higher pressure also avoids the need for multi-stage 
pumping and the capital and maintenance costs associated with it. It is notable that in our 
experiments, V3O7 and V4O9 were hardly observed and thus they may require only very low 
temperatures and vacuum, to be obtained from V2O5.  
Ningyi et al. [14] used a sol-gel method to deposit V2O5 films on SiO2/Si wafer 
substrates. The V2O5 gel films were annealed at 400 °C before vacuum reduction was done. 
These films required at least 60 minutes at 400 °C in pressures of 1-2 Pa (similar to the pressures 
used by us), to yield some VO2(B) along with V4O9. Our experimental results show that our 
CVD films perform better than these sol-gel films, as pure VO2(B) can be obtained in 30 minutes 
at 350 °C. Moreover the V2O5 deposition also requires only a low temperature of 200 °C. 
However, they were able to obtain VO2(M) films directly by such vacuum annealing at 450 °C 
for 18 minutes.  
From refs. [14, 27], it seems that using higher temperatures for reduction or heating the 
samples faster to the desired reduction temperature may lead directly to VO2(M) films. These 
can be attempted in the future. However, VO2(B) films are also highly useful in batteries and 
sensors. One of our films (NNK 653) was annealed for 30 minutes at 500 °C but it yielded only a 
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mixture of VO2(B), VO2(M), V6O13 and other phases (Fig. 8.8). Its electrical properties are yet to 
be tested. 
There exist literature reports where VO2(B) has been converted to VO2(M) by additional 
high-temperature processing. This was attempted by us in the case of sample NNK 628. At least 
a partial transformation was observed, leading to a semiconductor-metal transition effect as 
shown in Fig. 8.7 (cooling part). Only a 2-order change in electrical resistance was observed; 
nevertheless this change itself is very useful and further optimization of the process parameters 
can be undertaken to improve the effect of the MIT (i.e. to obtain larger ratios of resistivity 
values across the transition). The transition is not very clear in the heating part, which could be 
due to the film undergoing minor structural changes, such as the orientation of crystallites; this 
needs to be studied further to understand the cause of the gradual transition. The resistance 
seemed to change with time and so the processes have to be developed to obtain more stable 
films. Perhaps, heating to higher temperatures in the first annealing step would help in that.  
  
8.5 Conclusion 
The work presented here was mainly an exploration of methods to synthesize VO2 thin 
films from the V2O5 films deposited by the CVD process described in Chapter 4. It was found 
that annealing the polycrystalline V2O5 films (synthesized at 200 °C) at 350 °C for 30 minutes at 
~20 mtorr led to the formation of pure VO2(B) films. These synthesis and reduction conditions 
are less intense than those reported in the literature, where either lower pressures or higher 
temperatures are used. The use of low vacuum allows for higher throughput with lower costs, as 
compared to using high vacuum. Vacuum annealing of V2O5 films at 400 °C also led to pure 
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VO2(B) films whereas annealing at 500 °C yielded a mixture of phases, including VO2(M). 
Vacuum annealing of the amorphous V2O5 films at temperatures up to 350 °C did not yield 
crystalline VO2 films.  
VO2(B) films were partially converted to VO2(M) by an additional vacuum annealing 
step. Such a film showed a two order increase in resistance on lowering the temperature from 80 
to 50 °C, with a sharp transition around 69 °C. This is due to the presence of the VO2(M) which 
undergoes a metal-semiconductor transition at ~ 68 °C.  
 
8.6 Future work 
The work done thus far can be carried forward to accomplish the following: 
(i) Estimation of vacuum annealing parameters (temperature, time, pressure, use of inert 
gases such as Argon, V2O5 crystallinity and microstructure) to obtain the maximum 
amount of VO2(M) by annealing VO2(B) in vacuum at ~ 500 °C. 
(ii) Estimation of vacuum annealing parameters (including temperature ramp rate) to 
directly obtain VO2(M) from V2O5. 
(iii) Conversion of amorphous V2O5 films to VO2(B) or VO2(M) by annealing directly at 
400-500 °C. 
(iv) Identifying the cause of low resistance of the sample synthesized at 150 °C and 
vacuum annealed at 450 °C; checking for this behavior in other annealed amorphous 
V2O5 films. 
(v) Electrical resistance and IR transmittance measurements as functions of temperature, 
on the samples containing (a majority of) VO2(M). 
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(vi) Study of microstructure (by XRD, SEM) to relate the structural properties to the 
nature of metal-semiconductor transition and hysteresis behavior observed. 
(vii) Electrochemical and battery-level characterization of VO2(B) films to ascertain their 
utility in cathodes of Li-ion batteries. 
(viii) Temperature programmed XRD to confirm the change in crystal structure at the 
transition temperature and to monitor the speed of the transition; XRD at 
temperatures above 70 °C to characterize the VO2(M) phase – identifying the crystal 
planes exposed, ascertaining if the film is oriented and estimating the crystallite size 
and its variation with the V2O5 synthesis and annealing parameters. 
(ix) Deposition of V2O5 on TiO2 coated silicon, thermal oxide on silicon or other 
substrates, to modify the strain in the VO2 films and lower the SMT temperature. 
(x) Surface defect engineering of the semiconducting VO2 films, as an alternative to bulk 
doping with high valence ions, for lowering the SMT temperature. 
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8.7 Figures 
Fig. 8.1 XRD spectrum of sample NNK 482. The peaks at 2Ɵ = 14.5, 28.9 and 44.5 correspond 
to the (001), (002), (003) faces of VO2(B) and the peaks at ~17.8 and 26.9 correspond to the 
(002) and (003) faces of V6O13. The peak at ~33 is from the silicon substrate. 
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Fig. 8.2 XRD spectra of samples NNK 479 and NNK 607 showing the presence of only the 
VO2(B) phase. The peaks at 2Ɵ = 14.5, 28.9 and 44.5 correspond to the (001), (002), (003) faces 
of VO2(B). The peak at ~33 is from the silicon substrate. NNK 479 was annealed at 350 °C for 
30 minutes while NNK 607 was annealed at 400 °C for 30 minutes, in vacuum. 
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Fig. 8.3 XRD spectrum of sample NNK 437 showing the presence of VO2(B) and V4O9. The 
peaks at 2Ɵ = 14.5, 28.9 and 44.5 correspond to the (001), (002), (003) faces of VO2(B), while 
the peak at ~21.5 corresponds to V4O9. The peak at ~33 is from the silicon substrate.  
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Fig. 8.4 XRD spectrum of sample NNK 441 reduced at 320 °C in the presence of methanol. The 
peaks at 2Ɵ = 14.5, 28.9 and 44.5 correspond to the (001), (002), (003) faces of VO2(B). No 
other V oxide phases are observed and the small hump at ~33 is from the silicon substrate. 
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Fig. 8.5 XRD spectra of samples NNK 495 and NNK 643. These samples were synthesized at 
100 °C and vacuum annealed for 30 minutes at 300 °C and 350 °C respectively. They did not 
yield any crystalline VO2 material. Only the peaks at ~33 from the silicon substrates are seen. 
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Fig. 8.6 XRD spectrum of sample NNK 657. This sample was synthesized at 150 °C and vacuum 
annealed for 30 minutes at 450 °C. There are several small peaks corresponding to various 
vanadium oxide phases. Particularly important are the ones for VO2(B) and the one at ~27.8 for 
VO2(M). 
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Fig. 8.7 Variation of resistance as a function of temperature in the first heating and cooling 
cycles of sample NNK 628. The sharp change in resistance indicative of the metal-
semiconductor transition can be seen in the cooling cycle. 
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Fig. 8.8 XRD spectrum of sample NNK 653. This sample was synthesized at 200 °C and vacuum 
annealed for 30 minutes at 500 °C. A number of well-defined peaks corresponding to various 
vanadium oxide phases are observed. The peaks at ~14.5, 28.9, 44.5 correspond to VO2(B) and 
the one at ~27.8 corresponds to VO2(M). The peaks at 17.8, 26.9, 36, 45.5, 55.2 correspond to 
V6O13 and by their intensity, it can be inferred that V6O13 forms a major part of the film.  
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Chapter 9: Conclusion and future work 
9.1 Conclusion 
In this PhD research work, methods have been proposed and verified to modify the 
activity of supported catalysts using semiconductor heterojunction principles. These involve 
modification of the overlayer thickness and / or the carrier concentration of the support. A simple 
heterojunction model was developed to predict the surface Fermi level position of the 
heterostructure catalysts. A semi-empirical model was developed to relate the surface Fermi 
level position of the catalysts to their activity. A chemical vapor deposition process was 
developed to deposit thin layers of V2O5 on TiO2 films (deposited on silicon wafer samples) for 
heterojunction formation. Methods were developed to test these thin film catalysts for their 
activity. The experiments showed that modulation of the V2O5 layer thickness affects the 
catalytic activity strongly. Reduction of film thickness from ~60 nm to ~10 nm, on 100 nm thick 
TiO2 support films, led to over 10x improvement in the activity. In the range of its values 
available, the carrier concentration of TiO2 did not affect the activity of the catalysts much and 
this was shown by our models also. Nevertheless, modulation of support carrier concentration is 
another valid method for modification of catalytic activity.  
 The techniques developed here are more relevant to catalyst films that are thick as 
compared to the traditional supported catalysts that feature particulate supports of a few 
nanometers in diameter coated by a monolayer of active catalyst. Thin film model catalysts were 
used here to develop the science base as these films can be grown and used in highly controlled 
(and pure) conditions and several structural characterization techniques used here (such as SEM 
and AFM) work better on films rather than on particles. Moreover, electrical characterization 
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(such as the estimation of carrier concentration) is easier and more accurate on thin films than on 
particles. However, the concepts developed here can readily be translated to thin film particulate 
catalysts. For example, commercial Degussa P25 TiO2 particles have an average size of about 27 
nm [1]; use of a 5 nm V2O5 overlayer but with good coverage will increase the catalyst diameter 
by only 10 nm but has the potential to improve the reactivity of the vanadia significantly (20x). It 
should be noted that for supported monolayer catalysts or catalysts with very thin overlayers, the 
developed heterojunction model may not be apt, as such thin layers can possess different 
properties as compared to the bulk due to quantum size effects [2]. 
It was shown in Chapter 7 that the activity of the sites on some of our thin film catalysts 
are either close to or better than the values reported in the literature for monolayer catalysts. 
Using a monolayer or two of V2O5 films and more n-type TiO2 as support, much higher activities 
can be obtained. However, the V2O5 films will have to cover the TiO2 completely; else there will 
loss of activity. The observed trend may be due to most of all the free electrons in TiO2 crossing 
over to the V2O5 and reaching its surface. Thus the carrier concentration and size of the TiO2 
may both be important. In other words, the total number of carriers that the TiO2 can transfer 
may be the key factor. In our case, thinner TiO2 films also have higher carrier concentrations and 
thus may serve better. It is possible that TiO2 particles, a few nanometers in diameter, have even 
higher carrier concentrations and can thus function as more effective supports. Moreover, the 
films used are polycrystalline and thus the techniques developed and results obtained are one 
step closer to actual particulate catalysts than single-crystalline model catalysts.  
The experimentally observed variation in activity with V2O5 thickness exceeds the 
predictions made using the heterojunction model involving simple truncation of the band-energy 
levels. This also points towards most of the excess electrons from the TiO2 side reaching the 
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surface of V2O5 – they do not seem to be trapped much by interface or surface sites. The surface 
becomes more basic as a result, as can also be inferred from surface potential studies.  
Thus the surface acidity and activity of supported catalysts have been modified by band-
engineering using principles of semiconductor heterojunctions. More than an order of magnitude 
change in the catalytic activity has been achieved, thereby demonstrating that variation of 
overlayer thickness provides a convenient method of modification of catalytic activity of 
supported oxide catalysts. 
 A method has also been developed to synthesize VO2 films of B, M and R phases by 
vacuum annealing of the CVD V2O5 films. The reduction conditions (temperature and pressure) 
are less severe compared to those typically reported in the literature. Electrical resistance 
measurements on a film containing VO2(M) showed the material undergoing a semiconductor-
metal transition at ~68 °C, which is key to several of its applications. Further work on 
optimization of the vacuum annealing process is required. 
 
9.2 Future work 
The following work can be carried out to improve the models as well as to broaden the 
concepts developed here: 
(i) The model developed in the third chapter has been validated and seems to work 
well. The model for the heterojunction, however, has to be developed further to be 
able to use our methods for predictable modification of catalytic activity. 
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(ii) Development of methods for better estimation of the values of parameters used in 
the models can also make the models more predictive. 
(iii) Development of methods to estimate the total number of active sites as well as the 
acidity / basicity of the surface will enable us to quantify the results better (in the 
form of TOF values) to compare with literature data. It will also allow for more 
accurate estimation of the trends observed here. The surface acidity / basicity 
values will help to further evaluate the individual empirical relationships used in 
the model developed in chapter 3. 
(iv) Development of methods to dope TiO2 p-type or just less n-type, will enable us to 
verify if such modification can improve the activity of the catalysts for reactions 
that donate electrons. 
 
The work that can be carried out in the future related to the synthesis and characterization of VO2 
films has been described in section 8.5. 
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Appendix A: Procedure for the chemical vapor deposition of V2O5 thin films  
A.1 Chamber Start-up 
1. Ensure that all the 2-way valves are in the closed position and the 3-way valve is flowing into 
the chamber. Also make sure that the gate valve is closed. 
2. Turn on the Nitrogen flow by opening the cylinder and set it to 18 psi using the regulator. 
3. Turn on the power to the MKS 4-channel readout.  
4. Loosen the chamber door knob and then open the vent valve on top of the chamber. The 
quick-open door automatically swings open when the chamber reaches atmospheric pressure. 
 
A.2 Sample mounting and heating 
1. Using tweezers, degrease the sample using acetone, isopropanol, water and isopropanol in 
that sequence.  
2. Dry the sample using compressed air. 
3. Place the sample on the sample platform on top of the lamp, inside the chamber. Make sure 
that the sample is centered beneath the delivery tube and that the lamp surface is horizontal.  
4. Close the quick-open door and tighten the knob; close the vent valve on top of the chamber.  
5. Open the gate valve and monitor the pressure in the chamber. It should go down to a few torr 
in a minute.  
222 
 
6. Adjust the variac powering the bulb, to the required voltage, depending on the desired sample 
temperature; wait for the sample to reach about 20 °C lower than the desired deposition 
temperature.  
 
A.3 Flowing precursor vapors and depositing V2O5 
1. Set the set-points of the flows to the desired values on the 4-channel readout. Nitrogen flow 
carrying the VOTP is controlled by channel 4 and nitrogen flow carrying the water is 
controlled by channel 2.  
2. Turn on the flow controls. 
3. After the sample temperature stabilizes, turn on the valves located on the top flange of the 
chamber – connected to the delivery tubes – very slowly, so that the pressure change or 
sudden gas flow does not dislodge the sample off the lamp. The right valve (center) is for 
VOTP/N2, the left valve is the valve for water/N2.  
4. The chamber pressure and sample temperature are affected by this gas flow. Allow the 
pressure and the temperature to stabilize.  
5. When both the pressure and the temperature are stable, the water flow in the chamber can be 
turned on. This is done by first turning the three way valve (connected to the water bubbler) 
to allow flow into the bubbler. Then, turn on the bubbler outlet valve very slowly and then 
turn on the bubbler inlet valve. The chamber pressure will rise steadily before it starts 
decreasing. Allow the pressure to reduce to ~1.6 torr before introducing the VOTP. 
6. When the chamber pressure reaches 1.6 torr, the VOTP flow in the chamber can be turned 
on. This is done by first turning the three way valve to allow flow into the bubbler. Then turn 
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on the bubbler inlet valve and then turn on the bubbler outlet valve. Now, the VOTP/N2 
mixture flows in the chamber along with the water/N2 and film deposition begins. 
7. Allow the deposition to proceed for the intended time. 
8. At the end of the deposition time, the precursor flows can be turned off leaving only the 
nitrogen gas flowing through the chamber, bypassing the bubblers. This is done in the 
following sequence: 
(i) Turn off the VOTP flow first. Turn off the VOTP bubbler’s outlet valve, then turn the 
three way valve to allow flow into the chamber and finally turn off the bubbler inlet 
valve.  
(ii) Turn off the water bubbler next by operating the corresponding valves for water in the 
sequence mentioned in (i).  
9. Let nitrogen flow into the system for a minute to purge all gases from the process.  
10. Turn off the flows using the 4 way channel readout; turn off the valves on the top flange of 
the chamber; close the gate valve. 
11. Open the knob on the chamber door and then open the vent valve on the top flange to vent 
the chamber. Once the chamber is vented and the door swings open, turn the vent valve to the 
off position. 
12. Remove the sample using tweezers and place it on the table to cool it down.  
13. Repeat all the steps in sections A.2 and A.3 for the rest of the depositions for that session. 
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A.4 Chamber stand-by / shut-down 
1. At the end of the session, turn off the variac, the 4-channel readout and the nitrogen flow 
from the cylinder. 
2. Close the chamber door and tighten the knob. 
3. Pump down the chamber by opening the gate valve. The chamber pumped down to base 
pressure and being constantly pumped is the stand-by condition. 
4. If the next deposition runs are not anticipated to be within a month, the rough pump can be 
turned off after pumping the chamber down to its base pressure. The chamber door, vent 
valve and gate valve must be maintained closed (except for maintenance) to avoid 
accumulation of atmospheric moisture or other contaminants on the chamber walls. 
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Appendix B: Procedure for measurement of thickness of thin films by ellipsometry 
B.1 Introduction 
The Rudolph Research AutoEL III ellipsometer can be used to measure both single layer 
and double layer thin films. Measurements are made using pre-defined programs. The program 
numbers consist of 6 digits with a specific function carried out by each. There are multiple 
options for the value of each digit. The entire information can be obtained from the 
ellipsometer’s operating manual. Herein, a general procedure for the measurement of thickness 
and the program numbers that we used for different measurements are given. 
 
B.2 Procedure 
The following procedure is used to measure the thickness of single thin films – such as 
V2O5 or TiO2 deposited on Si or SiO2 grown on Si – or the thickness of the top layer of two 
layers on a substrate. Different program numbers and inputs are required in each case. 
1. Ensure that the main power and the laser are ON. 
2. Place the sample on the sample stage 
3. Ensure that the white / yellow spot visible through the autocollimator eyepiece is 
centered; if not adjust the stage using the screws below. (Tip: The screws on the right and 
left make the spot move in the horizontal direction; the screw in front controls the vertical 
motion of the spot. All screws are interlinked – tightening one, i.e. turning it 
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anticlockwise due to the screws being upside down, makes all of them tighter. Adjusting 
the screws is an art that can best be learnt from a person trained on that) 
4. Press PROG key, input program number and enter 
5. Input the film parameters prompted by the program 
6. Input sample number and enter. 
7. Wait for the calculations to be completed and the result printed out.  The results will be 
layer thickness in angstroms. (Multiple orders are printed as each of these thicknesses can 
give the same optical effects. In most cases, the first value, TL or TU #0, will be the 
correct thickness. Having a rough estimate of the thickness will help to identify the right 
thickness. This can be done by calibrating the deposition process – growing for very short 
times, leading to low film thicknesses – such as less than 100 nm – that would certainly 
correspond to TL #0). 
8. For a complete measurement and to get idea of the non-uniformity of thickness across the 
sample, the measurement can be done at the center of the sample and at the center of each 
of the four edges - top, bottom, left, and right – of the sample. This is done by simply 
moving the sample stage using the x- and y- micrometers to bring the required area under 
the laser and pressing CONT. If the sample is moved relative to the stage, centering of 
the white spot, as in step 3, must be ensured. 
9. When needed, label each test for clarity of sample test location. 
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B.3 Common values used 
B.3.1 Program numbers 
Single film – 211470 (for calculating only the thickness of the film given the refractive index) 
210470 (for calculating both thickness and refractive index of the film) 
Double film – 221470 (for thickness of upper layer) 
In the case of two layers, the thickness and refractive index of the lower layer must be known. 
The thickness value must be entered in Angstrom units when prompted for by a display TL. 
 
B.3.2 Refractive indices 
V2O5 - 2.3; SiO2 - 1.46; TiO2 - 2.05 
 
B.4 Functions of the alphabetical keys on the ellipsometer: 
PROG:   Prompts for input of program number 
C:   Clears current input 
D:   Inputs decimal point 
E:   Acts as Enter 
HALT:  Stops test in progress 
CONT:  Continue test after halt 
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RESET: Prepares the ellipsometer for calibration 
 
B.5 Meanings of displayed characters: 
N: refractive index 
T: thickness 
L: lower film (L is also used for the film in single film measurements) 
U: upper film 
ex. NL is the refractive index of the lower film 
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Appendix C: Procedure for testing the catalytic activity of V2O5 thin films 
C.1 Mounting the sample on the sample mount 
1. The sample mount and plates should be blown with nitrogen or wiped down with a kim-
wipe to remove residual silicon pieces.  Plates may need to be loosened to better remove 
pieces trapped between plates. 
2. Loosen plates by loosening screws on top of sample mount holder.  Plates should be 
loosened enough to allow for insertion of new sample. 
3. Insert the sample between the plates.  The thermocouple junction must be touch the 
bottom of the sample. 
4. Tighten the plates using the screws until the sample is firmly held inside.  The sample is 
at a risk of breaking if it is under too much pressure from either the plates or the 
thermocouple. 
5. Use a multimeter to measure resistance across the sample.  The multimeter can be 
connected at the screws on the sample mount or the copper wires leading into the mount. 
6. Tighten or loosen the screws as needed to achieve the lowest possible resistance and 
ensure that the plates have a good connection with the sample.  A resistance of less than 
20 Ω is optimum, but 60 Ω or less can be sufficient in most situations. The best way to 
tighten would be to progressively tighten all the screws by going around in, say, a 
clockwise direction, rather than tightening one screw completely before going to the next. 
 
C.2 Attaching the sample mount to the reaction chamber 
1. Place a new copper gasket at its allotted position on the sample mount. 
2. With the sample facing upward, push the mount into the reaction chamber. 
230 
 
3. Place the six screws into the appropriate slots between the mount and reaction chamber. 
4. Tighten the screws.  The best practice is to lightly tighten all screws, and then keep 
tightening all in rotation.  A few rotations may be required to get a good seal. 
5. The tightness of the screws can be tested by applying the vacuum to the chamber by 
opening the valve to the rough pump, directly below the chamber. 
6. Tightening is complete when the desired vacuum quality is reached.  Note that leaving 
the chamber under vacuum over longer time periods will allow for a better base pressure. 
 
C.3 Inputting gases for the reaction 
1. Typically, the sample is heated to 100o C before the gases are input. Connect the power 
outlets from the MASTECH power supply to the copper rods on the air-side of the 
sample mount.  By controlling the voltage and current applied to the sample, its 
temperature can be adjusted. The sample temperature is measured using a temperature 
readout / multimeter. 
2. Allow the chamber to reach a base pressure of ~ 20 mtorr and then close the valve below 
the chamber, shutting it off from the rough pump. 
3. Open the four-way cross on the right of the chamber, to the vacuum pump. This will clear 
the cross of any unwanted gases. Then, open the valve connecting it to the argon cylinder.  
This will cause the four way chamber to quickly fill with argon.  The four-way cross can 
then be shut off from both the vacuum pump and the argon cylinder. 
4. Open and close the four way valve to the reaction chamber, filling the chamber with 
argon.  Open the reaction chamber valve to the vacuum pump until desired argon 
231 
 
pressure (typically 0.5 torr) in the chamber is reached. Close the valve and open the four-
way cross to vacuum. 
5. Slowly open the valve connecting the oxygen cylinder to the chamber. Oxygen flow can 
be controlled by using both the metering valve and the two-way valve. When the desired 
pressure is reached (typically 1 torr), close both valves. 
6. Open the vacuum to the four-way cross, and then open the metering valve on the 
methanol bottle about a half turn. This is done to clear the four-way cross and to remove 
any air from the methanol bottle. 
7. After 15 seconds, close the valve leading to the vacuum.  Wait another 15 seconds then 
close the metering valve on the methanol bottle. 
8. Open the four way valve to the reaction chamber slowly until the desired pressure is 
reached. 
 
C.4 Conducting the methanol oxidation reaction on V2O5 
1. Ensure the mass spectrometer is turned on – both the power supply and the filament 
(using the Dycor software) must be on.  Ensure that the turbomolecular pump attached to 
the mass spectrometer is on and that all the 6 LEDs on the turbomolecular pump 
controller are turned on indicating that it is running at full speed. This ensures that the 
mass-spectrometer column is at high-vacuum. 
2. Open the UHV leak valve that connects the reaction chamber to the mass spectrometer.  
The total pressure in the chamber will determine how much the valve can be opened, so 
that the mass spec does not get damaged.  At a total pressure of 2 torr, the valve should 
be opened to the lowest marker dash. 
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3. Start the mass spec cycle in the Dycor software. The typical mass/charge range is 27-46.  
At the end of each cycle, save the data by clicking “Save Data As” from the File menu 
and saving it with an appropriate title including the cycle number, pressure, and 
temperature.  Each reaction run should have its own folder. Currently folders are indexed 
by month and then by date within each month and then by the run number. 
4. After the first cycle is saved at 1000C, begin heating the sample to the desired reaction 
temperature using the power supply.  This will likely take more than one mass spec cycle, 
so save the cycles in the meantime as “transition,” but still include pressure values and 
cycle numbers. 
5. Once the desired temperature is reached, maintain the temperature as needed.  Save each 
cycle accordingly until the reaction is completed. (Usually 15 cycles are sufficient.) 
6. At the end of the desired number of cycles or time of reaction, close the leak valve, turn 
off the heating and allow the sample to cool to near 200
o
C before pumping down the 
chamber to base pressure. 
7. The sample can then be reoxidized and then the next reaction can be started, beginning 
with input of the gases. 
8. At the end of all reaction studies on a sample, the sample mount flange can be removed 
from the chamber and the sample can be removed from the mount by loosening the bolts 
on the tantalum plates. 
 
C.5 Oxidizing the sample 
After a reaction, the sample may need to be reoxidized. This is done by heating the 
sample with oxygen at high temperatures. This step also helps to standardize the sample before 
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each run. The oxidation is done before the first run on the sample also, to ensure that the sample 
surface in that run is also comparable to the surface in other runs. The procedure is simple and is 
as follows: 
 
1. Open both the valve from the reaction chamber to the vacuum pump as well as the valve 
from the oxygen cylinder to the reaction chamber completely for a few seconds.  This 
will clear the oxygen line of unwanted gases. Then, close the valve to the vacuum pump 
from the reaction chamber.  After a few seconds, close the valve from the oxygen 
cylinder. This will fill up the chamber to an oxygen pressure almost the same as the 
pressure at the exit of the oxygen cylinder. This is typically maintained at 10 psig. 
2. Heat the chamber to 350oC gradually to avoid sample cracking.  Then, maintain the 
temperature for 30 minutes. 
3. After 30 minutes, begin to lower the temperature.  When the temperature reaches near 
100
o
C, the oxygen can be pumped out of the chamber. If oxygen is pumped out at higher 
temperatures, the stoichiometry of the vanadia can be modified (it can become less 
oxidized). 
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Appendix D: Establishing conditions for the reoxidation of V2O5 thin films reduced 
in catalytic studies 
D.1 Description 
 It was observed that after a series of reactions of methanol oxidation on the V2O5 
samples, the V2O5 was reduced to VO2. The reduction was attempted to be avoided by using 
higher pressures of the gases. However, the reduction was inevitable under reaction conditions 
and so a procedure to oxidize the catalyst was developed. The catalyst was re-oxidized after 
every reaction run using this procedure and thereby standardized. 
 Kinetic experiments were conducted at temperatures up to 350 °C. Thus an annealing 
temperature of 350 °C or higher was sought, so that the catalyst could be transformed even after 
a high temperature reaction. Annealing temperatures of 350 and 400 °C were attempted and 
annealing times of 15 and 30 minutes were used first to check if these were sufficient. Shorter 
annealing times are preferred to enable the performance of more reactions runs in a given time. 
10 psi O2 was used during the annealing. The annealed samples were studied by XRD to check 
for complete transformation to V2O5. It was found that annealing conditions of 350 °C, 30 
minutes worked the best. Although the time of 30 minutes was slightly on the higher side, it was 
used. It was to our advantage that the lower temperature of 350 °C was sufficient. Oxidation 
using even lower temperatures was not attempted as reasoned above. 
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D.2 Figures 
Fig. D.1 XRD spectra of samples oxidized with 10 psig O2 under various conditions after 
reduction to VO2 due to reaction. NNK 656 – 350 °C, 15 minutes, NNK 437 – 350 °C, 30 
minutes, NNK 580 – 400 °C, 15 minutes, NNK 436 – 400 °C, 30 minutes. 
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Appendix E: Ultraviolet photoelectron spectroscopy data 
E.1 Tables and Figures 
Table E.1: Ultra-violet Photoelectron Spectroscopy (UV-PES) data for various V2O5/Si and 
V2O5/TiO2 samples and one TiO2/Si sample. (SEO: Secondary Emission Onset; FWHM: Full 
Width at Half Maximum; WF: Work Function) 
Sample 
Peak 
position 
(eV) 
FWHM 
(eV) 
SEO 
(eV) 
Corrected 
SEO (eV) 
WF 
(eV) 
Thickness (nm) 
V2O5 TiO2 
NNK 722 6.44 0.22 6.55 16.15 5.05 7 - 
NNK 616 6.37 0.40 6.57 16.17 5.03 125 - 
        
0502-1 7.58 0.28 7.72 17.32 3.88 - 23 
        
0313-8 (I) 7.15 0.72 7.51 17.11 4.09 5 113 
0313-8 (II) 6.40 0.70 6.75 16.35 4.85 5 113 
0313-4 6.53 0.34 6.70 16.30 4.90 21 117 
0313-5 6.45 0.33 6.61 16.21 4.99 37 105 
0313-3 6.39 0.47 6.63 16.23 4.97 62 115 
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Fig. E.1 UPS (He  I) spectra of V2O5 films on silicon: NNK 722 – 7 nm; NNK 616 – 125 nm. 
The spectra are shifted down by 9.6 eV due to sample biasing. Work function is calculated as: 
WF = 21.2 – SEO. SEO is the secondary emission onset. This is ~6.55 eV for these samples in 
the graph below. The corrected value, accounting for sample biasing, is 16.15 eV. Thus, work 
function of V2O5 samples on silicon is determined to be 5.05 eV. 
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Fig E.2 UPS (He I) spectra of V2O5 films of various thicknesses on 100 nm TiO2 films. Spectra 
are shifted down by 9.6 eV due to sample biasing. Two secondary emission peaks are observed 
in the case of sample 0313-8 which has 5 nm V2O5 on 113 nm TiO2. This is due to the different 
work functions of V2O5 and TiO2. The V2O5 coverage of the TiO2 is very low and leaving some 
TiO2 exposed. Moreover, the V2O5 film is also only ~5 nm thick and so photoelectrons from the 
TiO2 also reach the detector. 
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Fig. E.3 UPS spectrum of sample 0313-8 plotted in Casa XPS showing the curves fitted to the 
two secondary emission peaks. The secondary emission onset (SEO) is found using these curves 
rather than just by the value of the energy where the spectrum intersects the X-axis (intensity ~ 
0). SEO is estimated as: SEO = Peak position + FWHM. 
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Fig. E.4 UPS spectra of the sample NNK 616 before and after sputtering for 1 minute with 
Argon ions. The spectrum of the sputtered sample shows an additional peak at ~ -8.3 eV. This 
corresponds to a corrected binding energy of 1.3 eV, which corresponds to the V 3d state. This 
shows that sputtering reduces the V2O5 and the extra electrons on the reduced Vanadium reside 
in the 3d states. 
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Appendix F: Scanning kelvin probe microscopy data 
F.1 Figures 
Fig. F.1 (a) Raw (b) Flattened surface potential profiles of sample NNK 582 
(a)  
(b)  
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Fig. F.2 (a) Raw (b) Flattened surface potential profiles of sample NNK 722 
(a)  
(b)  
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Fig. F.3 (a) Raw (b) Flattened surface potential profiles of sample 0207-7 
(a)  
(b)  
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Fig. F.4 (a) Raw (b) Flattened surface potential profiles of sample 0207-8 
(a)  
(b)  
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Fig. F.5 (a) Raw (b) Flattened surface potential profiles of sample 0313-5 
(a)  
(b)  
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Fig. F.6 (a) Raw (b) Flattened surface potential profiles of an area on sample 0313-5 20 μm away 
in X and Y directions, from the area in Fig.F.5 showing the small variation in potential across the 
surface. 
(a)  
(b)  
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Appendix G: Sample x-ray reflectivity data 
G.1 Introduction 
Some thin film samples of V2O5 on silicon were also studied by X-Ray Reflectivity 
(XRR) using a Philips X’Pert MRD system. Cu Kα1 radiation was used (0.154056 nm 
wavelength). XRR was used to estimate the thickness of the samples to confirm the 
measurements made by ellipsometry. However, XRR is applicable only for reasonably smooth 
films and so other techniques like cross-sectional SEM were also used to confirm the thickness 
measured by the  ellipsometer. The X-Ray reflectivity plots and thickness values output by the 
software are given in the figures below. Films synthesized at 100 °C are very smooth and 
uniform and lead to good fringes. Films synthesized at 200 °C are not as smooth but still show 
enough fringes to permit an estimation of their thicknesses. The details of the samples are given 
in Table G.1. 
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G.2 Tables and Figures 
Table G.1: Growth conditions and thicknesses measured by ellipsometry, of selected samples. 
 
Sample No. 
Synthesis 
temperature 
(°C) 
Average thickness 
measured by 
ellipsometry (nm) 
Thickness by XRR 
(nm) 
NNK 451 100 53 69 
NNK 511 198 75 83 
NNK 719 199 43 54 
NNK 726 201 13 17 
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Fig. G.1 (a) XRR plot (Intensity vs. incident angle) for sample NNK 451 
(a)  
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Fig. G.1 (cont.) (b) XRR plot (Intensity vs. incident angle) for sample NNK 451. Since the 
sample is smooth, several good-quality fringes are obtained. 
(b)  
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Fig. G.2 (a) XRR plot (Intensity vs. incident angle) for sample NNK 511 
(a)  
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Fig. G.2 (cont.) (b) XRR plot (Intensity vs. incident angle) for sample NNK 511. Since the 
sample is somewhat rough, the fringes are not very clear. The roughness is likely to be higher at 
higher temperatures of deposition. 
 
(b)  
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Fig. G.3 XRR plot (Intensity vs. incident angle) for sample NNK 719. This sample, though 
deposited at 200 °C like NNK 511, is smoother and better fringes are observed. 
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Fig. G.4 XRR plot (Intensity vs. incident angle) for sample NNK 726. This is a very thin film 
and hence larger fringe spacing is observed. 
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Appendix H: Supplementary scanning electron microscopy (SEM) data 
H.1 Figures 
Fig. H.1 Cross-sectional SEM images of sample NNK 223, synthesized at 100 °C. Thickness 
measured by ellipsometry = 112 nm.  
(a)  
(b)  
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Fig. H.2 Cross-sectional SEM images of sample NNK 192, synthesized at 180 °C. A smooth 
cross-section can be seen. The V2O5 also seems to be in intimate contact with the substrate 
(silicon) though the film is polycrystalline.  
(a)  
 
(b)  
 
257 
 
Fig. H.3 Cross-sectional SEM images of sample NNK 168, synthesized at 100 °C. The thickness 
measured by ellipsometry is 64 nm and is close to the thickness determined from the image 
below (68 nm). 
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Fig. H.4 Cross-sectional SEM images of sample NNK 524, synthesized at 300 °C. The non-
uniformity of thickness across the sample due to the high growth temperature can be seen in 
these images. 
(a)  
(b)  
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Fig. H.5 SEM images of (a) surface (b) a cross-section of sample NNK 58, synthesized at 362 
°C. The average thickness based on the cross-sectional image is ~75 nm. High growth 
temperature seems to cause the growth of high aspect ratio grains. 
(a)  
 
(b)  
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Fig. H.6 SEM images of (a) surface (b) a cross-section of sample NNK 60, synthesized at 366 
°C. The average thickness based on the cross-sectional image is ~110 nm. High growth 
temperature seems to cause the growth of high aspect ratio grains.  
(a)  
(b)  
 
 
